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REMARKS/ARGUMENTS 

Status of the Claims 

Claims 1-8, 13-16, 19-20, and 22-23 were withdrawn from consideration by the 
Examiner in the Office Action. Claims 12 and 18 were canceled without prejudice or 
disclaimer by Applicant in this reply. Applicant reserves the right to pursue these claims 
in subsequent and pending applications. Claims 9-1 1 , 17, 21 , and 24 are pending and 
under consideration. 

Amendment of Claims 

Claim 9 was amended to more clearly define the "determining" step of the 
claimed method. The "determining" step is a contacting step that specifies contacting 
integrin alphalO with an antibody. This contacting step finds support throughout the 
specification (for example, paragraph 112) and in now canceled claim 12. 

Claim 17 was amended by including steps involved in the claimed method. 
These steps find support throughout the specification, for example, in paragraphs 27- 
30, 33, 97-90, and 95. None of the amendments added new matter. 

Rejection under 35 U.S.C. S 112. second paragraph 

Claims 9-12, 17-18, 21, and 24 were rejected under 35 U.S.C. § 1 12, second 
paragraph, as being indefinite. The Examiner objected to claim 9 as being indefinite for 
failing to include a "contacting step in which the reaction of the sample with the reagents 
necessary for the assay." Office Action, page 3. In response, Applicant has amended 
claim 9 to better define the "determining" step of the claimed method. This 
"determining" step is defined in the specification (for example, paragraph 112) and in 
now canceled claim 12 as a "contacting" step in which integrin alpha 10 chain is 
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contacted with a binding agent having a binding site specific for the integrin alphalO 
chain. Because this contacting step is now included in claim 9, claim 12 has been 
canceled. 

The Examiner objected to claim 17 as being indefinite for failing to "set forth any 
steps involved in the claimed method/process." Office Action, page 3. In response, 
Applicant has amended claim 17 to include such steps. These steps find support 
throughout the specification, for example, in paragraphs 27-30, 33, 97-90, and 95. 

Claim 18 has been cancelled. 

By the above amendments and cancellations Applicant has addressed all 
rejections raised under 35 U.S.C. § 112, second paragraph, and Applicant thus 
respectfully requests that these rejections be withdrawn. 

Rejection under 35 U.S.C. §112, first paragraph 

Claims 9-12, 17-18, 21, and 24 were rejected under 35 U.S.C. § 1 12, first 
paragraph, as lacking enablement. The Examiner stated that the most relevant factors 
for this rejection were "the scope of the claims, the amount of direction or guidance 
provided, the lack of sufficient working examples, the unpredictability in the art and the 
amount of experimentation required to enable one of skill in the art to practice the 
claimed invention." Office Action, page 4. Applicant respectfully traverses. 

Specifically, the Examiner questioned the clinical value of Applicant's strategies 
because the specification allegedly fails to demonstrate a differential expression or a 
correlation of the alphalO chain in an atherosclerotic artery compared to a normal 
artery. Office Action, page 4. Applicant respectfully disagrees with this assertion. 
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The specification clearly demonstrates differential expression of integrin alphalO 
in the cells of atherosclerotic plaque and the cells of the normal artery tissue (see 
paragraphs 42 and 163, and Figure 2A). The staining in Figure 2A shows that 
expression of the integrin alphalO chain is detected only on the surface of the cells in 
the atherosclerotic plaque, but not in the cells of the underlying normal artery tissue, 
including the smooth muscle cells of the media. A graphic illustration of the tissue 
structure of normal artery and artery containing an atherosclerotic plaque is provided to 
clarify this point. The illustration is taken from the widely used textbook "Molecular Cell 
Biology", Lodish et al., 5 th Edition, W.H. Freeman and Company, New York, page 768. 
The tissue structure adjacent to the stained atherosclerotic plaque on the lower right 
side of the plaque in Figure 2A of the instant application comprises the media and 
adventitia of the normal artery wall, containing smooth muscle cells and connective 
tissue cells. Furthermore, the tissue structure adjacent to the stained atherosclerotic 
plaque on the lower left side of Figure 2A comprises the intima of the normal artery wall, 
containing smooth muscle cells. As evident from Figure 2A, the cells of the normal 
artery wall do not express detectable levels of integrin alphalO chain. Hence, the 
specification shows differential expression of the integrin alphalO chain in 
atherosclerotic plaque and normal artery tissue, with integrin alphalO being expressed 
in the plaque but not the normal artery tissue. 

The Examiner cited Lehnert et al. as teaching that integrin alphalO is widely 
expressed in a panel of 24 tissue types. Office Action, page 4. Applicant notes that 
Lehnert et al. determined only expression of integrin alphalO mRNA but did not 
investigate expression of integrin alphalO protein. It is widely accepted, however, that 
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mRNA expression does not necessarily correlate with protein expression. In addition, 
Lehnert et al. observed two major transcripts of integrin alphalO, one of which, a 1.8 kb 
transcript, is too short to encode a full length integrin alphalO protein (see first 
paragraph of Discussion, page 243). While it may encode a "truncated variant with an 
altered function", as speculated by Lehnert et al., it has not been demonstrated that this 
truncated transcript expresses any functional integrin alphalO fragment. Moreover, 
Figure 5 of Lehnert et al. (referred to by the Examiner) shows the PCR amplification of 
an about 500 bases long fragment from the integrin alphalO transcripts in various 
tissues. Since this amplified fragment may only reflect the presence of the truncated 
transcript described above, it is unclear how this fragment relates to integrin alphalO 
protein expression. 

The Examiner also cited W099/51639 as teaching that integrin alphalO is 
expressed in aorta (normal nonatherosclerotic artery). Office Action, page 4. Applicant 
notes that this study also analyzed exclusively integrin alphalO mRNA levels but not 
integrin alphalO protein levels. Hence, for the reasons outlined above the described 
results may not correlate to integrin alphalO protein expression in aorta. 

Furthermore, Applicant notes that the formation of atherosclerotic plaque is a 
process that starts very early in life, i.e. in childhood (see, for example, McGill et al., 
Am. J. Clin. Nutr. 72(5 Suppl):1307S-1315S (2000) (provided herewith); see also the 
website of the National Heart, Lung and Blood Institute at 

http://www.nhlbi.nih.qov/health/dci/Diseases/Atherosclerosis/Atherosclerosis Whatls.ht 
ml and the website of the American Heart Association at 

http.7/www.americanheart.org/presenter.ihtml?identifier=4440 ). Therefore, the aortic 
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tissue used for the assessment of integrin alphalO mRNA expression in Figure 12 of 
W099/51639 is likely to have contained atherosclerotic plaque. When isolating mRNA 
from arterial/aortic tissue it is not possible to separate the mRNA of the normal 
artery/aorta tissue from the mRNA of the plaques. Hence, the strong expression of 
integrin alphalO mRNA in aorta, as shown in Figure 12 of W099/51639, is likely due to 
integrin alphalO expression in atherosclerotic plaques. 

The fact that the formation of atherosclerotic plaque is a slow, progressive 
process starting already in childhood also means that there is no such negative control 
for detection of atherosclerotic plaque in an individual as another individual that is free 
of atherosclerotic plaque (the "healthy normal control individual'). Rather, the negative 
control for detection of atherosclerotic plaque is the normal artery tissue within the same 
individual. As discussed above, the normal artery tissue does not express integrin 
alphalO protein while the atherosclerotic plaque does. The detection of integrin 
alphalO protein, as disclosed in the instant application, therefore has significant value 
for the detection and diagnosis of clinical atherosclerosis. 

In conclusion, Applicant respectfully submits that the specification discloses the 
differential expression of integrin alphalO protein in atherosclerotic plaque and the 
adjacent normal artery tissue, and that the disclosed strategy of scoring the amount of 
integrin alphalO chain in an artery has significant value for the detection of 
atherosclerotic plaque and the diagnosis of clinical atherosclerosis. In light of this, 
Applicant respectfully requests that these rejections regarding differential expression or 
correlation of integrin alphalO chain in normal artery tissue and atherosclerotic plaque 
tissue be withdrawn. 
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The Examiner further objected that except for anti-alpha10 specific antibodies, 
the specification provides no guidance as to how to make and use any "binding agent" 
for in vitro and in vivo detection of atherosclerotic plaques. Office Action, page 4. 
Applicant respectfully disagrees with this assertion. 

The specification clearly provides guidance on how to use polypeptides (other 
than antibodies) that bind specifically to integrin alphalO for the in vitro or in vivo 
detection of integrin alphalO (see, for example, paragraph 92). The disclosed methods 
for such detection are essentially similar to those disclosed for the antibodies. The 
specification further discloses the use of other binding agents, for example, nucleic 
acids that hybridize any nucleic acid encoding integrin alphalO, including 
polynucleotides and oligonucleotides (see, for example, paragraphs 72-76). The 
detailed protocols on how to make and use such nucleic acids for the detection of a 
gene of interest, in this case integrin alphalO, were well known to the skilled artisan at 
the time of the invention, as these were commonly used standard protocols (see, for 
example, Sambrook et al., Molecular Cloning: A Laboratory Manual, Cold Spring Harbor 
Laboratory Press). 

However, in an effort to speed up the prosecution of the instant application 
Applicant now limits the claims currently under consideration to antibodies and 
fragments thereof that specifically bind to integrin alphalO chain. This limitation is 
reflected in the amended claims 9 and 17. Claim 12, the only pending claim under 
consideration containing the expression "binding agent", has been cancelled. Applicant, 
therefore, respectfully requests that the above rejection be withdrawn. 
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The Examiner further contends that (1) it is unclear what imaging device and 
imaging tag can be used to detect atherosclerotic plaque in vivo using the claimed 
binding agent; (2) it is unclear what is the control for the in vivo method; (3) no animal 
model is used to detect atherosclerotic plaque in vivo; and (4) it is unclear that the in 
vitro studies accurately reflect the relative human detection strategy. Office Action, 
page 5. Applicant respectfully disagrees with these assertions. 

With respect to objection (1), Applicant directs the Examiner to paragraph 92 of 
the specification. This paragraph discloses the imaging techniques and imaging tags 
that can be used to detect atherosclerotic plaque in vivo. At the time the instant 
application was filed, these methods were considered "standard techniques" for the 
assessment of atherosclerotic vessels. See, for example, Fayad and Fuster, Circ. Res. 
89:305-316 (2001) (cited in paragraphs 78 and 98 of the specification and provided 
herewith). The combination of such imaging techniques with the detection of a specific 
biological activity within atherosclerotic plaques is today considered "the most 
interesting imaging modality" for the early identification of atherosclerotic lesions (see 
http://www.touchcardioloqy.com/atherosclerosis-plaque-imaginq-characterization-a574- 
1.html) . The disclosed expression of integrin alphalO protein in atherosclerotic plaque 
provides such a specific biological activity. 

With respect to objection (2), Applicant submits that one skilled in the art knew at 
the time of the invention that the formation of atherosclerotic plaque is a slow, 
progressive process starting in childhood and that therefore there is no such control as 
a "healthy normal control individual" (see above). Furthermore, paragraphs 97-98 of the 
specification describe the prior art understanding of arterial histology and the correlation 
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between different types of atherosclerotic lesions and particular disease stages of 
clinical atherosclerosis. The review article cited in paragraph 97 (Stary et al., 
Circulation 92:1355-1374 (1995)) and references therein spell out in great detail the 
differences between normal artery tissue and atherosclerotic plaques of various stages. 
One skilled in the art would have understood from this disclosure -- in consideration of 
the non-existence of a "healthy normal control individual" - that the control in the 
claimed method is the normal artery tissue from the same individual that harbors the 
atherosclerotic plaques to be detected. 

With respect to objections (3) and (4), Applicant notes that the Examiner 
acknowledged that the specification provides guidance how to make and use anti- 
alphalO antibodies for in vitro or in vivo detection of atherosclerotic plaques. Office 
Action, page 4, third paragraph. Because Applicant has now limited the scope of the 
claims currently under consideration to anti-alpha10 antibodies as the only binding 
agent (see above), the objections (3) and (4) are no longer relevant. 

In sum, Applicant has addressed objections (1) to (4) and hence respectfully 
requests that in light of the above remarks these objections be withdrawn. 

In further support of the specification being enabled, Applicant makes the 
following comments. Applicant notes that at the time of the invention a variety of 
antibodies had been developed against the extracellular domain of integrins and 
successfully applied in vivo in animal model studies and human clinical trials. See, for 
example, Shimaoka and Springer, Nat. Rev. Drug Discov. 2(9):703-16 (2003) (provided 
herewith), and references therein. These included monoclonal antibodies directed 
against the l-domain of integrin alpha chains. As a case in point, phase III clinical trials 
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for treatment of psoriasis were successfully conducted using a monoclonal antibody 
against the l-domain of integrin alphaL. Cather et al., Expert Opin. Biol. Ther. 3(2):361- 
70 (2003). 

Therefore, one skilled in the art at the time of the invention would have known 
how to make and use an antibody against an integrin alpha chain in vivo. "Detailed 
procedures for making and using the invention may not be necessary if the description 
of the invention itself is sufficient to permit those skilled in the art to make and use the 
invention." MPEP § 2164. Hence, a description of how to apply the methods of the 
invention in vivo beyond what is provided in the specification is not required to enable 
the invention. 

Further, it was well established in the art at the time of the invention that 
administration of an antibody against the extracellular domain of an integrin alpha chain 
into the vascular system leads to detectable and effective binding of the antibody to 
integrin alpha chains in vivo. See, for example, Shimaoka and Springer, Nat. Rev. Drug 
Discov. 2(9):703-16 (2003), and references therein. The art considered the binding of a 
molecule, such as an anti-integrin antibody, to integrins in vivo as "straightforward". Id. 
at 713. Furthermore, animal models for atherosclerosis were routinely used for many 
years prior to the filing date of this application. See, for example, Breslow, Science 
272(5262):685-8 (1 996). Hence, the art at the time of the invention was highly 
developed and there was a high degree of skill regarding in vivo binding to integrin of an 
administered anti-integrin binding agent such as an anti-integrin antibody. 

The fact that the specification does not contain more working examples 
describing the use of anti-integrin alphalO antibodies in vivo does not by itself support a 
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rejection based on non-enablement. In fact, a specification need not contain any 
working example to be enabled. "The specification need not contain an example if the 
invention is otherwise disclosed in such manner that one skilled in the art will be able to 
practice it without an undue amount of experimentation." MPEP § 2164.02. In weighing 
the underlying factual findings in an enablement determination, the absence of a 
working example is not a strong factor if the art involved is predictable and well 
developed, as is the case here. 

Together, considering the developed state of the prior art, the manifold prior 
success in vivo of anti-integrin antibodies, and the in vitro studies of the specification, no 
undue experimentation would be required to practice the invention. In light of all the 
above remarks, Applicant respectfully requests that the rejections under 35 U.S.C. § 
112, first paragraph, as lacking enablement be withdrawn. 

Claims 9-12, 17-18, 21, and 24 were rejected under 35 U.S.C. § 112, first 
paragraph, as lacking possession of the claimed invention. The Examiner 
acknowledged that Applicant has disclosed anti-alpha10 antibodies, but indicated that 
no other binding agents were disclosed. Office Action, page 5. Applicant respectfully 
traverses for reasons outlined above. However, since Applicant has limited the scope 
of the claims currently under consideration, this rejection should be withdrawn. 

Rejection under 35 U.S.C. § 102(b) 

Claims 17-18 were rejected under 35 U.S.C. § 102(b) as being anticipated by 
W099/51639. Applicant respectfully traverses. Applicant notes that the section of 
W099/51639 cited by the Examiner only relates to the use of polynucleotides or 
oligonucleotides for determining the differentiation-state of certain cells. The reference 
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does not relate to the use of antibodies that can bind integrin alphalO protein expressed 
on the cell surface. Because claim 17 has now been amended to relate only to the use 
of anti-integrin alphalO antibodies as binding agents, and claim 18 has been cancelled, 
the reference is no longer relevant. 

In addition, the reference does not relate to the use of any binding agent for the 
detection of atherosclerotic plaques or the diagnosis of atherosclerosis . W099/51639 
does not disclose if and how expression of integrin alphalO is altered in atherosclerosis, 
and W099/51639 simply makes no mention of atherosclerotic plaques or the utility of 
integrin alphalO for diagnostic purposes. There is no disclosure that integrin alphalO 
could be used as a marker for detection of atherosclerotic plaque or the diagnosis of 
atherosclerosis. Since the diagnosis of atherosclerosis is a distinct element of claim 17, 
W099/51639 can not anticipate this claim. To anticipate a claim, the reference must 
teach even/ element of the claim. MPEP §2131. 

In light of the above, Applicant respectfully requests that the rejection under 35 
U.S.C. § 102(b) as being anticipated by WO 99/51639 be withdrawn. 

Rejection under 35 U.S.C. § 103(a) 

Claims 9, 11-12, and 21 were rejected under 35 U.S.C. § 103(a) as being 
obvious over W099/5 1639 in view of US Patent No. 6,458,590. Applicant respectfully 
traverses. 

As discussed above, the cited section on page 9 of WO 99/51639 only relates to 
the use of polynucleotides or oligonucleotides for determining the differentiation-state of 
certain cells. It does not contemplate the use of antibodies that can bind integrin 
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alpha 10 protein expressed on the cell surface. However, claim 9 has now been 
amended to be limited only to anti-integrin alphalO antibodies as binding agents. 

Moreover, W099/51639 does not disclose the use of any binding agent for the 
detection of atherosclerotic plaques or the diagnosis of atherosclerosis . W099/51639 
does not disclose if and how expression of integrin alphalO is altered in atherosclerosis, 
and W099/51639 simply makes no mention of atherosclerotic plaques or the utility of 
integrin alphalO for diagnostic purposes. There is also no disclosure that integrin 
alphalO could be used as a marker for detection of atherosclerotic plaque or the 
diagnosis of atherosclerosis. 

The section on page 7 of W099/51639 cited by the Examiner relates to the use 
of binding entities against integrin alphalO as markers of cells expressing integrin 
alphalO. The examples 6 and 1 1 of W099/51639 cited by the Examiner relate to the 
preparation of an anti-integrin alphalO antibody and to the use of such an antibody for 
the immunohistochemical staining of integrin alphalO in fascia around tendon and 
skeletal muscle and in tendon structures in heart valves. However, these examples do 
not disclose the use of anti-integrin alphalO antibodies for the detection of integrin 
alphalO in either normal artery tissue or atherosclerotic plaques. 

The teachings of the '590 patent cited by the Examiner relate to a comparison of 
OPN expression in coronary artery tissue from patients with severe atherosclerosis in 
coronary arteries who underwent directional coronary atherectomy (DCA) and from 
individuals with no evidence of atherosclerosis who did not undergo DCA. Thus, the 
tissues of two very distinct, distinguishable groups of individuals are compared: one 
group that underwent DCA, and another group that did not. Hence, in this experimental 
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setup there is a defined group of individuals, i.e. those who did not undergo DCA, who 
can serve as a control for those individuals who underwent DCA. This is very different 
from the experimental setup in the instant invention and is also not suitable for individual 
diagnosis. Here, the disclosed methods are aimed at detecting atherosclerotic plaque 
in individuals who did not undergo DCA. The purpose is to detect the development of 
atherosclerotic plaque which occurs in all individuals to varying degrees. Hence, the 
control group used in the '590 patent would not be a suitable control group for the 
methods of the instant invention. Rather, in the instant methods the control is the 
normal artery tissue that is spatially separate from atherosclerotic plaque but within the 
same individual in whom the atherosclerotic plaques are to be detected. As discussed 
above, integrin alphalO protein expression is detected in the atherosclerotic plaque but 
not in the normal artery tissue. 

In conclusion, the W099/51639 reference relates to the use of polynucleotides 
or oligonucleotides but not to the use of antibodies that can bind integrin alphalO 
protein expressed on the cell surface. WO 99/51639 also does not disclose the use of 
any binding agent for the detection of atherosclerotic plaques or the diagnosis of 
atherosclerosis, and the control taught by the '590 patent is not a suitable control for the 
methods disclosed in the instant application. Hence, by combining the teachings of 
W099/51639 and the '590 patent one of skill in the art does not derive at the instant 
invention. Based on these considerations, Applicant respectfully requests that the 
rejection under 35 U.S.C. § 103(a) as being obvious over WO 99/51639 in view of US 
Patent No. 6,458,590 be withdrawn. 
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In summary, in view of the foregoing amendments and remarks, Applicant 
respectfully requests reconsideration and reexamination of this application and the 
timely allowance of the pending claims. If the Examiner believes a telephone 
conference would be useful in resolving any outstanding issues, the Examiner is invited 
to call the undersigned at (202) 408-4173. 

Please grant any extensions of time required to enter this response and charge 
any additional required fees to our deposit account 06-0916. 



Respectfully submitted, 



FINNEGAN, HENDERSON, FARABOW, 
GAmETL& DUNNER, L>H?. 




Dated: June 6, 2007 



Reg. No^45,958 
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768 CHAPTER 18 • Metabolism and Movement of Lipids 
(a) Normal artery wall 



(b) Fatty streak stage 
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A FIGURE 18-19 Major stages in the onset and progression 
of atherosclerosis in the artery wait, (a) The anatomy of a 
normal artery wall, which is composed of concentric layers of 
cells and extracellular matrix, is shown. White blood cells adhere 
to the endothelium, roll along it, and then migrate into an artery 
wall to fight infection (see Figure 6-30). (b) When plasma LDL is 
high or plasma HDL is low, or both, macrophages in the intima 
can accumulate lipoprotein cholesterol, generating foam cells 
filled with cholesteryl ester droplets (see Figure 18-20). 
Accumulation of foam cells produces a fatty streak in the vessel 
wall that is only visible microscopically (c) Continued generation 



(d) Rupture of endothelium and 
occlusive blood clot formation 




Occlusive blood clot 



of foam cells and migration of smooth muscle cells froml 
media into the intima is followed by cell death, producing 
advanced atherosclerotic plaque. This plaque consists ofM 
necrotic core of lipids (including needlelike cholesterol erf 
and extracellular matrix overlain by a fibrous cap of srrr 
muscle cells and matrix, (d) As an atherosclerotic plaquef 
into the lumen of the artery, it disrupts and reduces the;| 
blood. In some cases, the plaque alone can fully occluo% 
artery. In many cases, the fibrous cap ruptures, inducirijj|! 
formation of a blood clot that can fully occlude the arteT 
[Adapted from R. Ross, 1999, N. Engl. J. Med 340(2):115.| 



that directly attack bacteria and other pathogens. The cells 
also secrete proteins that help recruit additional monocytes 
and other immune cells (e.g., T lymphocytes) to join in the 
fight. Macrophages also engulf and destroy pathogens, dam- 
aged macromolecules, and infected or dead body cells. When 
the infection has been cured, damaged tissue is repaired and 
the remaining macrophages and other leukocytes move out 
of the artery wall and reenter the circulation. 

As we will see, atherosclerosis is an "unintended" con- 
sequence of this normal physiological inflammatory re- 
sponse, which is designed to protect against infection and 
tissue damage. For this reason and because atherosclerosis 
most often strikes late in life after the prime reproductive 
years, there appears to have been little evolutionary selec- 



tive pressure against the disease. Thus, although atl 
rosis has an enormous negative influence on moder?f 
populations, its high incidence in well-fed, long-live<j| 
is not surprising. 

Arterial Inflammation and Cellular Import 
of Cholesterol Mark the Early Stages 
of Atherosclerosis 

During an inflammatory response, macrophages; i 
flamed artery wall can endocytose substantial amg 
cholesterol from lipoproteins, which accumulate yvf 
artery wall under some circumstances (Figure 18* 
macrophages convert the imported cholesterol intdf 
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This Review is part of a thematic series on Inflammatory Mechanisms in Atherosclerosis, which includes the 
following articles: 

Anti-Inflammatory Mechanisms in the Vascular Wall 

Clinical Imaging of the High-Risk or Vulnerable Atherosclerotic Plaque 

Innate and Adaptive Immune Mechanisms in Atherosclerosis 
CD40 Signaling and Plaque Instability 

Novel Clinical Markers of Vascular Wall Inflammation Andreas Zeiher, Guest Editor 



Clinical Imaging of the High-Risk or Vulnerable 
Atherosclerotic Plaque 

Z.A. Fayad, V. Fuster 

Abstract — The study of atherosclerotic disease during its natural history and after therapeutic intervention will enhance our 
understanding of disease progression and regression and aid in selecting appropriate treatments. Several invasive and 
noninvasive imaging techniques are available to assess atherosclerotic vessels. Most of the standard techniques identify 
luminal diameter, stenosis, wall thickness, and plaque volume; however, none can characterize plaque composition and 
therefore identify the high-risk plaques. We will present the different imaging modalities that have been used for the 
direct assessment of the carotid, aortic, and coronary atherosclerotic plaques. We will review in detail the use of 
high-resolution, multicontrast magnetic resonance for the noninvasive imaging of vulnerable plaques and the 
characterization of plaques in terms of their various components (ie, lipid, fibrous, calcium, or thrombus). (Circ Res. 
2001;89:305-316.) 

Key Words: atherosclerosis ■ magnetic resonance imaging ■ ultrasound ■ computed tomography ■ lipid-Iowering 



Atherosclerosis is a systemic disease of the vessel wall 
that occurs in the aorta and in the carotid, coronary, and 
peripheral arteries. 1 The main components of the atheroscle- 
rotic plaques are (1) connective tissue extracellular matrix, 
including collagen, proteoglycans, and fibronectin elastic 
fibers; (2) crystalline cholesterol, cholesteryl esters, and 
phospholipids; and (3) cells such as monocyte-derived mac- 
rophages, T lymphocytes, and smooth muscle cells. 2 Varying 
proportions of these components occur in different plaques, 
thus giving rise to a spectrum of lesions. '' 3 ' 4 

Atherosclerotic Plaques and Need for Imaging 

The high-risk or vulnerable plaque has different characteris- 
tics depending on the arterial regions (ie, coronaries, carotids, 
or aorta). 



Coronary Artery Vulnerable Plaques 

Rupture-prone plaques in the coronary arteries, the so-called 
"vulnerable plaques," tend to have a thin fibrous cap (cap 
thickness ^65 to 150 fim) and a large lipid core. Acute 
coronary syndromes (ACSs) often result from rupture of a 
modestly stenotic vulnerable plaque, 3 ' 4 not visible by x-ray 
angiography. 3 

According to the criteria of the American Heart Associa- 
tion Committee on Vascular Lesions, lesion types depend in 
part on the phase of progression as shown schematically in 
Figure l. 1 - 4 Coronary "vulnerable" type IV and type Va 
lesions (phase 2) and the "complicated" type VI lesions 
(phase 4) are the most relevant to ACS. Type IV and Va 
lesions, although not necessarily stenotic at angiography, are 
prone to disruption (see the Figure in the online data 
supplement available at http://www.circresaha.org), with 
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Figure 1. Phase and lesion morphology of coro- 
nary atherosclerosis. Progression is based on 
gross pathological and clinical findings. An early 
lesion (phase 1) can become a fibrolipid plaque 
(phase 2). Phase 2 can progress into an acute 
phase (phase 3 or 4). Formation of thrombosis or 
hematoma may cause angina pectoris (phase 3) or 
an ACS due to occlusive thrombosis (phase 4). 
Phase 3 and 4 lesions can evolve into a fibrotic 
phase (phase 5) characterized by more stenotic 
plaques that may progress to occlusive lesions. 
Yellow indicates lipid accumulation; red, thrombo- 
sis and hemorrhage; and green, fibrous tissue. 
Roman numerals indicate lesion types, as follows: I 
to III, early lesions with isolated macrophage-foam 
cells (I), multiple foam-cell layers (II), and isolated 
extracellular lipids (III); IV to Va, advanced lesions 
(fibrolipid plaques with confluent extracellular lipid 
pools [IV] and fibromuscular tissue layers and ath- 
eroma [Va]); VI, advanced lesions (complicated 
plaques with surface defects, hemorrhage, or 
thrombus deposition); and Vb to Vc, advanced 
lesions with calcifications (Vb) and those with 
fibrous tissue (Vc). Modified from Fuster. 4 



macrophage-dependent release of proteolytic enzymes such 
as metalloproteinases. 2 ' 5 Type IV lesions consist of extracel- 
lular lipid intermixed with fibrous tissue covered by a fibrous 
cap, whereas type Va lesions possess a predominant extra- 
cellular lipid core covered by a thin fibrous cap. Disruption of 
a type IV or Va lesion leads to the formation of a thrombus 
or "complicated" type VI lesion. The lipid core is highly 
thrombogenic as a result of the presence of tissue factor. 1 - 6 
The type VI lesion associated in ACS, rather than being 
characterized by a small mural thrombus, consists of an 
occlusive thrombus. 

Relatively small type IV and Va coronary lesions may 
account for as many as two-thirds of cases of unstable angina 
or other ACSs. 3 These relatively nonstenotic plaques with 
large lipid cores are more vulnerable and at higher risk of 
rupture and thrombosis; the caps are often thinnest at the 
shoulder region where macrophages 7 and mast cells 8 accu- 
mulate and disruption tends to occur. 5 In contrast, the most 
severely stenotic plaques at angiography, which have a high 
content of smooth muscle cells and collagen, and little lipid, 
are less susceptible to rupture. 

Carotid Artery High-Risk Plaques 

In contrast to coronary artery vulnerable plaques character- 
ized by high lipid content and a thin fibrous cap, high-risk 
plaques in carotid arteries are severely stenotic. The term 
"high-risk" is used rather than the classic term "vulnerable," 
which only implies the presence of a lipid-rich core. High- 
risk carotid plaques are heterogeneous, very fibrous, and not 
necessarily lipid-rich. Rupture often represents an intramural 
hematoma or dissection, probably related to the impact of 
blood during systole against the resistance of such stenotic 
lesion. 9 Imaging and plaque characterization of carotid arter- 
ies are simpler than those of coronary arteries because the 
former are superficial and not subject to significant motion. 10 
This is also true for the assessment of lower-extremity 
atherosclerotic disease, in which the pathobiology is similar 
to that of carotid disease. However, compared with peripheral 



vascular lesions, more information about carotid plaques and 
their imaging is available. 

Aortic Vulnerable Plaques 

Postmortem 11 and transesophageal echocardiography (TEE) 12 
studies have shown that thoracic aortic atherosclerosis is a 
significant marker for coronary artery disease (CAD). 13 
Parameters such as aortic wall thickness, luminal irregulari- 
ties, and plaque composition are strong predictors of future 
vascular events. 14 * 15 Using TEE, the French Aortic Plaque in 
Stroke investigators determined increased risk of all vascular 
events (stroke, myocardial infarction, peripheral embolism, 
and cardiovascular death) for patients who had noncalcified 
aortic plaques >4 mm thick. 1415 Such noncalcified plaques, 
relatively easy to assess and characterize by imaging meth- 
ods, are thought to be lipid-laden plaques (types IV/Va), 15 
which are prone to rupture and thrombosis in coronary 
arteries. 

Imaging of Atherosclerotic Plaques 

Direct visualization of plaques may enhance understanding of 
the natural history of atherosclerotic disease. Currently, a 
number of invasive and noninvasive imaging modalities are 
used to study atherosclerosis (Table 1); most identify luminal 
diameter or stenosis, wall thickness, and plaque volume. 

Invasive Imaging 
X-Ray Angiography 

The x-ray angiogram reflects luminal diameter and provides 
a measure of stenosis with excellent resolution or irregular 
luminal surface implying the presence of atherosclerotic 
disease. But this imaging method does not image the vessel 
wall or provide information about the composition of the 
atherosclerotic plaque such as the vulnerable lipid-rich 
plaques or other histopathological features." 6 This technique, 
however, has become the gold standard for diagnosis of 
coronary, carotid, and peripheral artery lesions. Nevertheless, 
angiography may reveal advanced lesions, plaque disruption, 
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• indicates coronary artery; O, carotid artery; and ©, aorta. 
*IVUS in carotid arteries or aorta is theoretically feasible. 

fOptical coherence tomography (OCT) is able to image the vessel in very high resolution. 
JTEE may identify some of the plaque components in the aorta. 



luminal thrombosis, and calcification. The degree of stenosis 
measures blood flow obstruction. Calculation of the stenosis 
depends on proper designation of a nonnal reference seg- 
ment. One of the major limitations of angiography is that 
diffuse atherosclerotic disease may narrow the entire lumen 
of the artery, and as a result underestimate the degree of local 
stenosis. In addition, because some of the plaques may be 
displaced outward, the luminal diameter may appear normal 
despite significant disease. 17 

Intravascular Ultrasound (IVUS) 

Ultrasound (US) imaging is based on transmitting and receiv- 
ing high-frequency sound waves. The time between transmis- 
sion and reception of the wave is directly related to the 
distance between the source and reflector. 

Catheter-based US is a new approach to the arterial 
vascular wall imaging. This invasive modality permits direct 
and real-time imaging of atheroma and provides a cross- 
sectional, tomographic perspective of the vessel and athero- 
sclerotic disease. 18 Diagnostic applications of IVUS include 
detection of angiographically unrecognized disease, detection 
of lesions of uncertain severity (40% to 75% stenosis), and 
risk stratification of atherosclerotic lesions in interventional 
practice. 

Current-generation catheters (incorporating a transducer) 
range in diameter from 0.96 to 1.17 mm and provide 
high-quality images. The spatial resolution is ^ 1 00 to 250 
jam (depending on the US probe frequency). On the basis of 
plaque echogenicity, coronary atheroma can be differentiated 
into three categories, as follows: (1) highly echoreflective 
regions with acoustic shadows, often corresponding to calci- 
fied tissue; (2) hyperechoic areas representing fibrosis or 
microcalciflcations; or (3) hypoechoic regions corresponding 
to thrombotic or lipid-rich tissue or a mixture of these 
elements. 18 IVUS can delineate the thickness and echogenic- 
ity of vessel wall structures; however, histopathological 
information is limited. 18 Spectral information of the radiofre- 
quency signal may facilitate the discrimination of atheroma. 19 
Angioscopy (described below) and histological studies gen- 
erally report low sensitivity to IVUS in detection of thrombus 
and lipid-rich lesions. 20 



IVUS may be useful in selecting the most appropriate 
option of transcatheter therapy (rotational atherectomy, 
stents, etc). 21 For example, lesions with calcification would 
be expected to be more rigid and, therefore, prone to rupture 
in response to the mechanical stress of balloon dilation, 
whereas softer, lipid-rich, noncalcified plaques may stretch 
but not fracture. 22 Studies aimed at sensitivity and specificity 
involving large numbers of patients are required to determine 
the use of IVUS for the detection of atherosclerotic disease. 18 

Methods such as IVUS cystography have been introduced 
to assess mechanical properties of the vessel wall, which may 
relate indirectly to the histopathological composition of the 
atherosclerotic plaque. 23 Intravascular elastography is ob- 
tained from cardiac-gated IVUS images coupled with intralu- 
minal pressures during the cardiac cycle. The images provide 
vessel wall strain information and reflect mechanical proper- 
ties of the tissue. A preliminary in vitro study demonstrated 
the successful discrimination of fibrous and lipid-rich plaques 
(Figure 2) using IVUS elastography. 23 However, the in vivo 
application of IVUS elastography may be hampered by 
catheter motion during cardiac contraction. 

Angioscopy 

Intracoronary angioscopy allows direct visualization of the 
plaque surface, color of the luminal surface (red, white, or 




Figure 2. Intravascular US image (left) and elastogram (right) of 
diseased human femoral artery. Elastogram reveals low strain in 
plaque (0.24%; I), similar strain in nondiseased vessel wall 
between 3 and 7 o'clock positions (0.32%; II), and high strain in 
vessel wall between 7 and 9 o'clock positions (0.96%; III). 
Region with high strain contains fatty foam cells at lumen-ves- 
sel wall boundary and increased macrophage activity. Modified 
from de Korte et al. 23 
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yellow), presence of thrombus, and macroscopic features 
(tears, ulcerations, and fissures). 24 A recent clinical trial 
suggested a potential application of this invasive technique. 
In patients with various coronary syndromes, angiographic 
findings were directly compared with histomorphology and 
ex vivo angioscopy of atherectomized material. 25 This study 
concluded that yellow (lipid-rich) plaques are associated with 
the development of ACSs. Another study concluded that 
angioscopic identification of plaque rupture and thrombus 
was independently associated with adverse outcome in pa- 
tients with complex lesions after interventional procedures. 26 
These features were not identified by either angiography or 
IVUS. However, like IVUS, this technique is invasive. 
Angioscopy thus remains a research tool because of the 
inability to examine small-caliber vessels or cross-stenotic 
lesions, and the different layers within the arterial wall. 

Thermography, Optical Coherence Tomography, Raman 
Spectroscopy, and Near-Infrared (NIR) Spectroscopy 
Several new technologies for invasive atherosclerotic plaque 
detection may have diagnostic and therapeutic implications. 

In vitro 27 and in vivo 28 studies illustrate that detection of 
heat released by activated inflammatory cells of atheroscle- 
rotic plaques may predict plaque disruption and thrombosis. 
A study using carotid endarterectomy specimens and a needle 
thermistor demonstrated that atherosclerotic plaques exhibit 
thermal heterogeneity on their luminal surface 27 Temperature 
differences correlated positively with cell (macrophage) den- 
sity. A catheter-based technique for the temperature measure- 
ment of human coronary arteries in vivo has been devel- 
oped. 28 The system consists of a 3F catheter, with 0.05°C 
accuracy and a spatial resolution of 500 /xm. Using this 
catheter, thermal heterogeneity was found to be larger in 
patients with unstable angina compared with those with acute 
myocardial infarction. 28 Thermal techniques could conceiv- 
ably be combined with IVUS or optical coherence tomogra- 
phy (see below) to provide both functional and anatomic 
information. 

Optical coherence tomography is analogous to IVUS, but 
measures the intensity of reflected infrared light rather than 
acoustic waves. 29 A Michelson interferometer is used as a 
gate to detect unscattered photons and thus generates high- 
resolution images. Although penetration is generally 1 to 
2 mm, the use of light allows a resolutions of 10 to 30 pirn. 
Initial in vitro imaging (resolution of 16 /am) of human aortic 
plaques demonstrated a strong correlation with the corre- 
sponding histopathology. 29 In vitro optical coherence tomog- 
raphy exhibited superior delineation of structural detail when 
compared with IVUS. 30 In vivo optical coherence tomogra- 
phy imaging, using a laser as light source, at four frames per 
second has been obtained in the rabbit esophagus. 31 Potential 
limitations of optical coherence tomography for in vivo 
intravascular imaging are the possible reduction of image 
quality when imaging through blood or large volumes of 
tissue, relatively slow data acquisition rate, lack of an 
adequate portable source for in vivo imaging, and multiple 
scattering. 32 Like IVUS, this technique is invasive, which 
may restrict its use in patients. 



Raman spectroscopy is an optical technique that character- 
izes the chemical composition of biological tissue. Raman 
spectra can be obtained by processing the collected light that 
is scattered by a tissue as it is illuminated with a laser. Raman 
spectroscopy can be combined with other catheter-based 
imaging techniques, such as IVUS, to localize and quantify 
cholesterol and calcium salts in atherosclerotic plaques. 33 
Current limitations of Raman spectroscopy are the strong 
background fluorescence, the absorbance by blood of the 
laser light, and the relatively long acquisition time. Because 
this is a 1-dimentional technique (no depth information), it 
may be more powerful when combined with other imaging 
techniques. 33 

Infrared spectroscopy also yields information on the chem- 
ical composition of tissue. NIR spectroscopy (750 to 2500 
nm) has the advantage of deep penetration. 34 Recently, the 
use of NIR spectroscopy has been explored for the charac- 
terization of the composition of atherosclerotic lesions. A 
study showed a good correlation between NIR spectra and 
plaque composition by histology for formalin-fixed human 
atherosclerotic plaques. 35 Another study used a small 
(2.5-mm diameter) fiberoptic catheter combined with NIR 
reflectance spectroscopy and detected cholesterol in the 
rabbit aorta. 36 Similar to Raman spectroscopy, NIR may be 
combined with other catheter-based imaging techniques. 

Noninvasive Imaging 
Surface and Transesophageal US 

Measurements of carotid and aortic wall thickness as well as 
qualitative and quantitative analysis of plaque can be deter- 
mined by surface and transesophageal US. Echogenicity of 
the plaque reflects its characteristics. Hypoechoic heteroge- 
neous plaque is associated with both intraplaque hemorrhage 
and lipids, whereas hyperechoic homogeneous plaque is 
mostly fibrous. 15>lx 

The North American Symptomatic Carotid Endarterecto- 
my Trial and the Asymptomatic Carotid Artery Stenosis 
Study have shown that the degree of stenosis and its hemo- 
dynamic consequences play a significant role in producing 
stroke. 3738 High-resolution (<0.4 mm axial), real-time 
B-mode US with Doppler flow imaging has emerged as the 
modality of choice for examining the carotid arteries. 39 

Using 2:8-MHz transducers, B-mode US can be used for 
measuring intima-media thickness (IMT) of large- and 
medium-size peripheral arteries such as the carotid, femoral, 
or radial. Because of the physical principles of a diagnostic 
US, the measurement is reliable only at the far arterial wall 
and does not indicate whether the thickening is due to intima 
or media infiltration and/or hypertrophy. 40 As with other US 
methods, this technique is operator-dependent and has low 
reproducibility. 

Several studies have found that carotid and aortic athero- 
sclerosis are markers for coronary atherosclerosis. 1 3 41 42 Pa- 
tients with symptomatic CAD have increased IMT compared 
with asymptomatic controls. 43 Carotid wall thickening was 
also found in patients with silent ischemia. 44 The relationship 
between IMT and CAD severity is constant but rather weak 45 
Nevertheless, large prospective studies have demonstrated 
that IMT may be a useful marker of CAD progression. For 
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example, the Cardiovascular Health Study found associations 
between carotid IMT and the incidence of new myocardial 
infarction or stroke in patients ^65 years of age. 41 Prevention 
trials of lipid-lowering treatments using IMT as a surrogate 
end point have shown that retardation in the progress of IMT 
correlates with a reduction of clinical end points. 46,47 

Studies also have shown an association between aortic 
plaque seen on chest x-ray and the subsequent development 
of clinical CAD 48 Examinations of the aorta by B-mode US 49 
and TEE 50 have been used as predictors of CAD and 
cardiovascular risk. 14 Using TEE, the French Aortic Plaque in 
Stroke group 1415 found a significantly increased risk of all 
vascular events for patients who had noncalcified aortic 
plaques >4 mm in thickness. TEE-detected aortic plaque has 
been correlated with a higher prevalence of CAD and the 
presence of significant angiographic coronary artery steno- 
sis. 13 In addition, the lack of aortic plaque on TEE has been 
shown to be predictive of the absence of CAD. 51 

Ultrasonic contrast agents have been introduced to improve 
image resolution and specificity. 52-54 For example, acoustic 
liposomes conjugated with monoclonal antibodies can be 
used for plaque component-targeted imaging. The liposome 
formulation also has been modified to allow site-specific 
drug 55 or gene 56 delivery. 

Ultrafast Computed Tomography (UFCT) 
UFCT allows image acquisition at a faster rate than conven- 
tional computed tomography (CT). Fast imaging is essential 
elimination of cardiac and respiratory motion artifacts. Ath- 
erosclerotic calcification is found more frequently in ad- 
vanced lesions, and may occur in small amounts in early 
lesions. 57 

Magnetic resonance imaging (MRI), x-ray angiography, 
and US can identify calcified deposits in blood vessels; 
however, only electron-beam CT (EBCT) 58 and fast-gated 
helical or spiral CT 59 can measure the amount or volume of 
calcium. In EBCT, x-ray radiation passes through the patient 
and is detected by two 240° detector rings. To measure 
coronary calcium, 30 to 40 contiguous, 3-mm-thick slices are 
obtained from the aortic root to the apex of the heart. The 
scans are usually acquired during one or two separate breath 
holds. Non-EBCT systems use a continuously rotating x-ray 
source. Recently, non-EBCT systems have been introduced, 
using multidetector arrays for short rotation times that im- 
prove imaging speed. 60 For example, a 4-sIice detector array 
system provides an 8-fold improved performance over single- 
slice CT system. Comparison of coronary calcium assessment 
by EBCT and non-EBCT systems demonstrated good 
correlation. 59 

Histological and UFCT studies support the association of 
tissue densities S:130 Hounsfield units with calcified 
plaques 61 However, high-risk plaques often lack calcium. 62 
There is an association between coronary calcium and ob- 
structive CAD, and it has been suggested that the amount of 
coronary calcium is a predictor of risk of coronary events. 63 
However, the predictive value of coronary calcification, at 
least in high-risk subjects, may not be superior to that of 
standard coronary risk factors. 64 In addition, a high calcium 
score is sensitive but not a specific marker for coronary 



stenosis. 65 The greatest potential for coronary calcium scores 
appears to be in the detection of advanced coronary athero- 
sclerosis in patients who are apparently at intermediate risk. 
The new volumetric method for calcium detected the effect of 
lipid-lowering on coronary calcification. 58 Nevertheless, 
there is no evidence to support that changes in coronary 
calcification may correspond to changes in cardiovascular 
events. 64 - 66 

UFCT angiography with intravenous injection of a contrast 
medium is widely used for detection of stenosis in peripheral 
vessels. With the advent of faster and higher-resolution 
imaging and soft-tissue delineation with UFCT, assessment 
of coronary stenosis 60 - 67 and the detection of noncalcified 
coronary plaques 68 are being explored. 

Nuclear Scintigraphy 

Many radiotracers have been developed on the basis of 
molecules and cells involved in atherogenesis. 69 The potential 
diagnostic utility of such radiotracers for imaging atheroscle- 
rotic lesions has been examined in animal models and in 
humans. 69 Many proteins labeled with radioiodine, 99m Tc, 
m In, or 125 In were evaluated. 70 These include lipoproteins 
(native LDL and oxidized LDL), immunoglobulins against 
macrophages, smooth muscle cells, and endothelial adhesion 
molecules. 71 - 72 These tracers showed significant uptake in 
experimental atherosclerotic lesions, although the limited 
clinical trials could not demonstrate utility because of slower 
clearance of radiotracers from circulation and poor target/ 
background ratios. 73 Radiolabeled peptides 74 and metabolic 
tracers such as fluorodeoxyglucose, which show faster clear- 
ance from circulation and appear to provide higher contrast 
than radiolabeled proteins, were recently introduced. 70 Simi- 
larly, radiolabeled anti fibrin antibody fragments and peptides 
(which bind to glycoprotein Ilb/IIIa receptors on activated 
platelets) clear faster from circulation compared with radio- 
labeled platelets. 75 A new glycoprotein Ilb/IIIa platelet inhib- 
itor, DMP-44, labeled with 99m Tc accurately identifies the 
platelet-rich thrombus in a canine model. 76 We recently 
illustrated that in vivo fluorodeoxyglucose positron emission 
tomography may detect and quantify macrophage content in 
rabbits with aortic plaques. 77 However, no single radiotracer 
is ideally suited to image atherosclerosis and to provide the 
prognostic and clinical indicators necessary for medical and 
surgical interventions. 69 

Magnetic Resonance Imaging 

High-resolution magnetic resonance (MR) has emerged as the 
potential leading noninvasive in vivo imaging modality for 
atherosclerotic plaque characterization, MR differentiates 
plaque components on the basis of biophysical and biochem- 
ical parameters such as chemical composition and concentra- 
tion, water content, physical state, molecular motion, or 
diffusion. MR provides imaging without ionizing radiation 
and can be repeated sequentially over time. 

High-resolution MR relies on the same principles as other 
MR techniques. During the examination, the patient is sub- 
jected to a high local magnetic field, usually 1.5 T, which 
aligns the protons in the body. These protons (or spins) are 
excited by a radiofrequency pulse and subsequently detected 
by receiver coils. Detected signals are influenced by the 
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TABLE 2. Plaque Characterization With MR 
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tin some cases, surface irregularities; the variable signal intensity may be due to the thrombus age. 



relaxation times (Tl and T2), proton density, motion and 
flow, molecular diffusion, magnetization transfer, changes in 
susceptibility, etc. Three additional magnetic fields (gradient 
fields) are applied during MRI; one selects the slice and two 
encodes spatial information. The timing of the excitation 
pulses and the successive magnetic field gradients determine 
the image contrast. The ability to obtain images of the 
atherosclerotic vessels is dependent on the amount of avail- 
able signal, contrast, and the lack of noise. 

The MR images can be "weighted" to the Tl , T2, or proton 
density values through manipulation of the MR parameters 
(ie, repetition time and echo time). In a Tl -weighted (T1W) 
image, tissues with low Tl values will be displayed as 
hyperintense picture elements or pixels (high signal intensity) 
and, conversely, high Tl values will be displayed as hypoin- 
tense pixels (low signal intensity). In a T2-weighted (T2W) 
image, tissues with high T2 values will be portrayed as 
hyperintense pixels, and those with low T2 values as hypoin- 
tense pixels. Thus, a T1W and a T2W image for the same 
anatomy can appear quite different because an MR image is 
not a photograph, but a computerized map of radio signals 
emitted by the human body. Finally, a proton density- 
weighted (PDW) image is an image in which the differences 
in contrast are proportional to the density of water and fat 
protons within the tissue. It is also referred to as an 
intermediate-weighted image because the contrast in the 
image is a combination of mild Tl and T2 contrast. 

Ex Vivo MR Plaque Studies 

Early work on applying MR techniques to characterizing 
plaque focused on lipid assessment with nuclear MR spec- 
troscopy and chemical-shift imaging. 78 " 80 These techniques 
suffer from poor signal-to-noise (SNR) ratio, because the 
concentration of the lipid present in the plaque is very low in 
comparison with water. 81 Therefore, it has been difficult to 
extend these methods to an in vivo setting. Current studies are 
focused on MRI of water protons. 

MR Multicontrast Plaque Imaging 

After an ex vivo study, 82 Herfkens et al 83 performed the first 
in vivo patient imaging study of aortic atherosclerosis. Only 
the anatomic or morphological features such as wall thicken- 
ing and luminal narrowing were assessed. 

Improvements in MR techniques (eg, faster imaging and 
detection coils), conducive to high resolution and contrast 
imaging, have permitted the study of the different plaque 



components using multicontrast MR, generated by Tl, T2, 
and PDW imaging. 84 Atherosclerotic plaque characterization 
by MR is based on the signal intensities (Table 2) and 
morphological appearance of the plaque on Tl W, PDW, and 
T2W images as previously validated. 10 - 81 - 85 - 89 

The plaque fibrous tissues consisting mainly of extracellu- 
lar matrix elaborated by smooth muscle cells are associated 
with a short Tl. The origin of the Tl shortening (increased 
signal intensity on T1W images) is specific to protein-water 
interactions. 90 The plaque lipids consist primarily of unester- 
ified cholesterol and cholesteryl esters and are associated 
with a short T2. 81 The short T2 (decreased signal intensity of 
T2W images) of the lipid components is in part due to the 
micellar structure of lipoproteins, their denaturation by oxi- 
dation, or the exchange between cholesteryl esters and water 
molecules (both from the fatty chain or from the cholesterol 
ring), with a further interchange between free and bound 
water. 81 Perivascular fat, mainly composed of triglycerides, 
has a different appearance on MR than atherosclerotic plaque 
lipids. 91 The plaque-calcified regions consist primarily of 
calcium hydroxylapatite and are associated with low signal 
intensities on the MR images because of their low proton 
density and because of diffusion-mediated susceptibility ef- 
fects. 92 The MR appearance and evolution of thrombus or 
hemorrhage have been investigated in the central nervous 
system, 93 pelvis, 94 and aorta. 95 These studies showed that the 
different MR signal intensities of hemorrhage depend on the 
structure of hemoglobin and its oxidation state 93 Additional 
studies in the context of arterial thrombus and atherosclerosis 
are necessary. 

In a recent study, we analyzed 22 human carotid endarter- 
ectomy specimens with ex vivo MR and histopathological 
examination. 96 Cross- sections were matched between the 
multicontrast MR images and histopathology. The overall 
sensitivity and specificity for each component were very 
high. Calcification, fibrous tissue, lipid core, and thrombus 
were readily identified. Diffusion imaging, which probes the 
motion of the water molecules, facilitated thrombus 
detection. 97 

In Vivo MRI Experimental Studies 

MR has been used in the study of plaques in several animal 
models. 98 Skinner et al" induced aortic plaque in the rabbit 
through a combination of atherogenic diet and double-balloon 
denudation, which showed in vivo aortic plaque progression. 
In a similar rabbit model, we validated the ability of MRI to 
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quantify lipid-rich and fibrous components of lesions. 89 
Fast-spin echo multicontrast sequences with in-plane resolu- 
tion of 0.35 mm and slice thickness of 3 mm were obtained. 
We have asserted that aortic MR atherosclerotic imaging can 
be used as a tool for documentation of arterial remodeling in 
the rabbit model. 100 Two separate MRI serial studies 1 01 • 102 
have shown a significant regression of the aortic plaque in 
vivo in atherosclerotic rabbits undergoing cholesterol lower- 
ing. A significant correlation was found between MR and 
histopathology for atherosclerotic burden and plaque 
composition. 102 

Another serial MRI study on the effect of lipid-lowering 
therapy with 3-hydroxy-3-methylglutaryl-coenzyme A 
(CoA) reductase inhibitors (statins) and a novel class of 
agents, acyl-CoAxholesterol O-acyltransferase (ACAT) in- 
hibitors showed the beneficial effects in a Watanabe rabbit. 103 
The combination of statins and ACAT inhibitors induced a 
significant regression of previously established atheroscle- 
rotic lesions. 

Using conventional MR systems (ie, 1.5 T), an in-plane 
spatial resolution >300 ^m can be achieved with a high SNR 
and contrast-to-noise ratio for in vivo vessel wall imaging. To 
study small structures, such as the abdominal aorta of mice 
1 mm in luminal diameter), it is necessary to increase the 
SNR by using high magnetic field scanners equipped with 
small radiofrequency coils and strong magnetic field gradi- 
ents. 1 04 Using a 9,4-T (89-ram-bore system), we studied in 
vivo atherosclerosis in live animals. 104 The achieved spatial 
resolution with MR microscopy (MRM) was ^50 to 97 /xm 
in-plane and 500 fxm in slice thickness. Using transgenic 
apolipoprotein E knockout mice, we showed an excellent 
agreement between MRM and histological findings for aortic 
plaque size, shape, and characteristics (Figure 3). We also 
followed the rapid progression of atherosclerosis in animals 
with lesions of varying severity. 105 Therefore, high-resolution 
MRI and MRM may allow convenient and noninvasive 
quantitative assessment of serial changes in atherosclerosis in 
different animal models of disease progression and 
regression. 98 

In Vivo MRI Studies on Human Carotid 
Artery Plaque 

MR has been used for the study of atherosclerotic plaque in 
the human carotid, 10106 aortic, 107 peripheral, 108 and coro- 
nary 109 arterial disease. In vivo images of advanced lesions in 
carotid arteries have been obtained from patients referred for 
endarterectomy. 10 The superficial location and relative ab- 
sence of motion of carotid arteries present less of a technical 
challenge for imaging than does the aorta or coronary arteries. 
Short T2 components were quantified in vivo before surgery 
and correlated with values obtained in vitro after surgery. 10 
Some of the MR studies of carotid arterial plaques include the 
imaging and characterization of normal and pathological 
arterial walls, 10 the quantification of plaque size, 106 and the 
detection of fibrous cap "integrity." 1 10 Typically the images 
are acquired with resolution of 0.4X0.4X3 mm 3 using a 
carotid phased-array coil. 

Most of the in vivo MR plaque imaging and characteriza- 
tion have been performed using a multicontrast approach with 




Figure 3. In vivo MR image of abdominal aorta (arrow) in normal 
mouse and In apolipoprotein E- knockout mouse showing differ- 
ences between normal and atherosclerotic arteries. MR images 
in wild-type mice are shown in panel A (magnified; see scale) 
and histopathology (B), as shown by the hematoxylin and eosin 
stain (original magnification x40). A large atherosclerotic lesion 
(arrow) that encircles the abdominal aorta of 12-month-old apo- 
lipoprotein E- knockout mouse is shown on the MR images in 
panel C (magnified). These findings correlated with histopathol- 
ogy as shown in panel D. Modified from Fayad et al. 104 

high-resolution black-blood spin echo- and fast spin echo- 
based MR sequences. The signal from the blood flow is 
rendered black by the use of preparatory pulses (eg, radio- 
frequency spatial saturation or inversion recovery pulses) to 
better visualize the adjacent vessel wail. Hatsukami et al no 
introduced the use of bright blood imaging (ie, 3-dimensional 
fast time-of- flight imaging) for the visualization of the 
fibrous cap thickness and morphological integrity. This se- 
quence provides enhancement of the signal from flowing 
blood and a mixture of Tl and proton density contrast 
weighting that highlights the fibrous cap. 

MR angiography (MRA) and high-resolution black-blood 
imaging of the vessel wall can be combined (Figure 4). 
Comparison studies of MRA and contrast angiography have 
shown good sensitivity and specificity in the aorta and in the 
carotid, renal, and other peripheral vessels. 111 MRA demon- 
strates the severity of stenotic lesions and their spatial 
distribution, whereas the high-resolution black-blood wall 
characterization technique may show the composition of the 
plaques and may facilitate the risk stratification and selection 
of the treatment modality. Improvements in spatial resolution 
(>250 jitm) have been possible with the design of new 
phased-array coils 112113 tailored for carotid imaging 114 and 
new imaging sequences such as long echo train fast spin echo 
imaging with "velocity-selective" flow suppression or 
double-inversion recovery preparatory pulses (black-blood 
imaging). 107 - 109 
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Figure 4. Carotid MR angiogram (left panel) 
showing severe stenosis in left internal carotid 
artery (arrow; left panel). MR angiogram was 
obtained with a contrast-enhanced (gadolinium- 
diethylenetriaminepentaacetic acid) 
3-dimensional fast gradient- echo and carotid- 
aortic arch phased-array coil. Cross-sectional MR 
black-blood images of carotid arteries are shown 
in middle and right panels. Display of MR slice 
positions are shown in left panel (lines). Magnified 
views of some carotid plaques are shown in right 
panel. Arrows indicate carotid plaques. 



In Vivo MR1 Studies on Human Aortic Plaque 

In vivo black-blood MR atherosclerotic plaque characteriza- 
tion of the human aorta has been reported recently. 107 115 The 
principal challenges associated with MRI of the thoracic aorta 
are obtaining sufficient sensitivity for submillimeter imaging 
and exclusion of artifacts caused by respiratory motion and 
blood flow. Summers et al Jl5 showed by MRI that the wall 
thickness of the ascending aorta is increased in patients with 
homozygous familial hypercholesterolemia. However, con- 
ventional T1W spin echo images were obtained and no 
plaque composition analysis was performed. 115 Fayad et al 107 
assessed thoracic aorta plaque composition and size using 
T1W, T2W, and PDW images. The acquired images had a 
resolution of 0.8X0.8X5 mm 3 using a torso phased-array coil. 
Rapid high-resolution imaging was performed with a fast spin 
echo sequence in conjunction with velocity-selective flow 
suppression preparatory pulses. Matched cross-sectional aor- 
tic imaging with MR and TEE showed a strong correlation for 
plaque composition and mean maximum plaque thickness. A 
patient with a lipid-rich plaque in the descending aorta is 
shown in Figure 5, 

A recent study using MR in asymptomatic subjects from 
the Framingham Heart Study demonstrated that aortic plaque 
burden (ie, plaque volume/aortic volume) increased signifi- 



cantly with age, and was higher in the abdominal aorta 
compared with the thoracic aorta. 116 Results ascertained that 
long-term measures of risk factors and Framingham Heart 
Study coronary risk score are strongly associated with asymp- 
tomatic aortic atherosclerosis as detected by MR. 117 

In Vivo MRI Studies on Coronary Artery Plaque 

Preliminary studies in a pig model proclaimed that the 
difficulties of coronary wall imaging are due to the combi- 
nation of cardiac and respiratory motion artifacts, nonlinear 
course, small size, and location of the coronary arteries, 88 - 118 
We extended the black-blood MR methods used in the human 
carotid artery and aorta for imaging of the coronary arterial 
lumen and wall. 109 The method was validated in swine 
coronary lesions induced by balloon angioplasty. 118 The 
intraobserver and interobserver variability assessment by 
intraclass correlation for both MRI and histopathology 
showed good reproducibility, with the intraclass correlation 
coefficients ranging from 0.96 to 0.99. MRI was also able to 
visualize intralesion hematoma (sensitivity 82%, specificity 
84%). 

High-resolution black-blood MR of both normal and ath- 
erosclerotic human coronary arteries was performed. The 
difference in maximum wall thickness between the normal 



Figure 5. In vivo MR image from a patient with 
a 4.5-mm-thick plaque in descending thoracic 
aorta, T2W (A), with corresponding TEE image 
(B). MR image shows an example of a plaque 
with a dark area in the center (arrow) identified 
on the T2W image as a lipid-rich core (A). 
Lipid-rich core is separated from lumen by a 
fibrous cap. Plaque characterization was based 
on information obtained from T1W, PDW, and 
T2W MR images. Modified from Fayad et al. 107 
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Figure 6. In vivo MRI cross-sectional image of a patient with 
plaque (arrow) in left anterior descending artery (LAD). Inset rep- 
resents magnified view of LAD plaque. MR images are 4 mm 
thick with an in-plane spatial resolution of 750 p.m acquired dur- 
ing suspended respiration (<16 seconds) using long-echo train 
fast spin echo imaging with "velocity-selective" flow suppres- 
sion. RV indicates right ventricle; LV, left ventricle. Modified 
from Fayad et al. 109 

subjects and patients (^40% stenosis) was statistically sig- 
nificant. Figure 6 shows an in vivo MR image of a patient 
with a plaque in the left anterior descending coronary artery. 
The coronary MR plaque imaging study by Fayad et al 109 was 
performed during breath-holding to minimize respiratory 
motion. To alleviate the need for breath-holding, Botnar et 
al 119 have combined the black-blood fast spin echo method 
and a real-time navigator for respiratory gating and real-time 
slice-position correction. 

In Vivo Monitoring of Therapy With MRI 

As shown in experimental studies, MR is a powerful tool to 
investigate serially and noninvasively the progression and 
regression of atherosclerotic lesions in vivo. We have shown 
recently that MR can be used to measure the effect of 
lipid-Iowering therapy (statins) in asymptomatic untreated 
hypercholesterolemic patients with carotid and aortic athero- 
sclerosis. 120 Atherosclerotic plaques were assessed with MR 
at different time points after initiation of lipid-lowering 
therapy. Significant regression of atherosclerotic lesions was 
observed. Despite the early and expected hypolipidemic 
effect of the statins, a minimum of 1 2 months was needed to 
observe changes in the vessel wall. No changes were detected 
at 6 months. In agreement with previous experimental stud- 
ies, there was a decrease in the vessel wall area and no change 
in the lumen area at 12 months. 101 ' 103 

MR of the popliteal artery and its response to balloon 
angioplasty has been reported by Coulden et al. 108 The extent 
of plaque could be defined in all patients, such that even in 
segments of vessel that were angiographically normal, ath- 
erosclerotic lesions with cross-sectional areas ranging from 
49% to 76% of potential lumen area were identified. After 
angioplasty, plaque fissuring, and local dissection were easily 
detected and serial changes in lumen diameter, blood flow, 
and lesion size were documented. This study illustrated that 
MR can define the extent of atherosclerotic plaque in the 
peripheral vasculature and demonstrate the remodeling and 
restenosis after angioplasty. 



Limitations and Potential Improvements of MRI 

Thinner slices such as those obtained with 3-dimensional 
acquisition techniques could further improve artery wall 
imaging. 121 Tailored coil designs, such as smaller anterior 
4-element phased-array coils, may enhance the spatial reso- 
lution and may allow the identification of the substructures 
within coronary atherosclerotic lesions." 3 Additional MR 
techniques such as water diffusion weighting, 96 - 97 magnetiza- 
tion transfer weighting, 122 and contrast enhancement 1 23J 24 
may provide complementary structural information and allow 
more detailed plaque characterization. Slowly flowing blood 
near the vessel walls is another phenomenon that may 
potentially improve the accuracy of vessel wall imaging with 
black-blood techniques. Preliminary results in our study and 
with a similar black blood-MR sequence in the coronary 
arteries and the brain 109 - 118 suggest that this effect is minimal. 
However, new and more robust blood-suppression methods 
are needed for accurate plaque imaging especially in the 
carotid artery bifurcation. 125 

Conclusions 

Assessment of atherosclerotic plaques by imaging techniques 
is essential for in vivo identification of vulnerable plaques. 
Several invasive and noninvasive imaging techniques are 
available. Most techniques identify luminal diameter or 
stenosis, wall thickness, and plaque volume, and are ineffec- 
tive in identifying the high-risk plaques that are vulnerable to 
rupture and thrombosis. In vivo, high-resolution, multicon- 
trast MRI holds the best promise of noninvasively imaging 
high-risk plaques. MR allows serial assessment of progres- 
sion and regression of atherosclerosis. Application of MRI 
opens new areas for diagnosis, prevention, and treatment (eg, 
lipid-lowering drug regimens) of atherosclerosis in all arterial 
locations. 
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ABSTRACT Atherosclerosis begins in childhood as deposits 
of cholesterol and its esters, referred to as fatty streaks, in the 
intima of large muscular arteries. In some persons and at certain 
arterial sites, more lipid accumulates and is covered by a fibro- 
muscular cap to form a fibrous plaque. Further changes in fibrous 
plaques render them vulnerable to rupture, an event that precipi- 
tates occlusive thrombosis and clinically manifest disease (sudden 
cardiac death, myocardial infarction, stroke, or peripheral arterial 
disease). In adults, elevated non-HDL-cholesterol concentrations, 
low HDL-cholesterol concentrations, hypertension, smoking, 
diabetes, and obesity are associated with advanced atheroscle- 
rotic lesions and increased risk of clinically manifest atheroscle- 
rotic disease. Control of these risk factors is the major strategy for 
preventing atherosclerotic disease. To determine whether these 
risk factors also are associated with early atherosclerosis in 
young persons, we examined arteries and tissue from «3000 
autopsied persons aged 15-34 y who died of accidental injury, 
homicide, or suicide. The extent of both fatty streaks and raised 
lesions (fibrous plaques and other advanced lesions) in the right 
coronary artery and in the abdominal aorta was associated posi- 
tively with non-HDL-cholesterol concentration, hypertension, 
impaired glucose tolerance, and obesity and associated negatively 
with HDL-cholesterol concentration. Atherosclerosis of the 
abdominal aorta also was associated positively with smoking. 
These observations indicate that long-range prevention of athero- 
sclerosis and its sequelae by control of the risk factors for adult 
coronary artery disease should begin in adolescence and young 
adulthood. Am J Clin Nutr 2000;72(suppl):1307S-l5S. 

KEY WORDS Coronary arteries, aorta, atherosclerosis, risk 
factors, fatty streaks, adolescents, young adults 

INTRODUCTION 

The natural history of atherosclerosis, as described nearly 50 y 
ago (1), is depicted in Figure 1 (2). This description of origin and 
progression is inferred predominantly from observations of the 
arteries of persons autopsied at various ages. It is based on the 
assumption that any type of lesion occurring in one age group (for 
example, fatty streaks in adolescents) may be transformed into 
another type of lesion occurring at the same anatomic site in an 
older age group (for example, fibrous plaques in young adults and 
middle-aged persons). There has been little or no doubt for many 
years that the raised lesions of atherosclerosis (a collective term 



for fibrous plaques and the associated complications) determine 
the risk of clinically manifest coronary artery disease (CAD), 
both for populations and for individuals. CAD events become fre- 
quent in a population when the average extent of coronary artery 
raised lesions in middle-aged persons approaches «30% of the 
coronary intimal surface (3); individuals with CAD have on aver- 
age ^60% of the coronary intimal surface involved with raised 
lesions (4-6). Recent studies by angiography, ultrasonography, a 
and histochemistry show that the qualities of raised lesions also i 
predict risk of an occlusive event (7). o 
Lowering serum lipid concentrations by diet and drugs g- 
reduces both first events of CAD (primary prevention) (8) and 5; 
recurrent events (secondary prevention) (9) among adults. How- | 
ever, no trials have intervened in childhood, adolescence, or | 
young adulthood and subsequently followed the subjects into | 
middle age, and such a trial is not likely to be feasible. The age 
at which preventive regimens should begin depends on the ^ 
extrapolation of results in adults to younger persons, on the & 
significance of the juvenile fatty streak, and on the conditions *< 
affecting the transformation of fatty streaks into raised lesions. 3 

T3 
3. 
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FIGURE 1. The development of the fatty streak in childhood is 
depicted as a reversible process. In adolescence, some fatty streaks accu- 
mulate more lipid and begin to develop a fibromuscular cap, forming the 
lesion termed a fibrous plaque. In subsequent years, fibrous plaques 
enlarge and undergo calcification, hemorrhage, ulceration or rupture, 
and thrombosis. Thrombotic occlusion precipitates clinical disease, 
depending on which artery is affected. Reproduced from reference 2. 



In this article, we review the evidence that the fatty streak is 
the initial lesion of atherosclerosis and is the precursor of clin- 
ically important raised lesions, and relate this evidence to 
emerging knowledge of the molecular and cellular biology of 
atherosclerosis. We describe evidence regarding the associa- 
tions of adult CAD risk factors with atherosclerosis in young 
persons and discuss the implications of these observations for 
the long-range prevention of CAD. 



ORIGIN AND FATE OF THE FATTY STREAK 

Aortic fatty streaks 

Almost every North American child over the age of 3 y has 
some degree of aortic fatty streaks (10). Extensive aortic fatty 
streaks were present in children from post- World War I eastern 
Europe (11). Aortic fatty streaks were probably present in our 
hominid ancestors before they emerged as a separate species 
because fatty streaks occur frequently in both Old and New 
World nonhuman primates living in their natural habitat (12, 13) 
and in other mammalian species (14). Aortic fatty streaks differ 
only slightly in extent among children and adolescents of all 
populations, regardless of the frequency or severity of advanced 
atherosclerosis and CAD in adults in those populations (15). 
Women have more extensive aortic fatty streaks than do men in 



all populations (15), yet women develop an equal extent of aor- 
tic raised lesions (3). The thoracic aorta has about the same 
extent of fatty streaks as does the abdominal aorta, but raised 
lesions develop appreciably only in the abdominal aorta (3). The 
ecologic, epidemiologic, and topographic analyses that showed 
little or no relation between aortic fatty streaks and the clinically 
important lesions of atherosclerosis are largely responsible for 
the skepticism about the significance of the fatty streak (16-18). 

Coronary artery fatty streaks 

The relation of fatty streaks to more advanced lesions is dif- 
ferent in the coronary arteries than in the aorta. Fatty streaks 
begin to appear in the coronary arteries 5-10 y later than in the 
aorta (15, 19). Comparisons of the localization of lesions in the 
coronary arteries show a close correspondence between the 
localization of fatty streaks in young persons and that of raised 
lesions in older persons (20). In nonblack populations, the extent 
of coronary artery fatty streaks in young persons predicts the 
extent of raised lesions in older persons (15). However, although 
women have about the same extent of or more coronary artery 
fatty streaks than do men, they have only half the extent of raised 
lesions at older ages (15). 

Transitional lesions 

The classification of atherosclerotic lesions in the coronary 
arteries as fatty streaks or fibrous plaques may not tell the whole 
story. The coronary arteries of white male children, adolescents, 
and young adults (who are at highest risk of advanced athero- 
sclerosis and CAD) have more intimal cellular infiltration and 
connective tissue than do the coronary arteries of women or 
blacks. By the third decade, these differences are more pronounced 
and white male coronary arteries also show more vascularization 
(21). These observations were confirmed in a larger number of 
subjects from populations with a wide range of susceptibility to 
advanced atherosclerosis (22). 

Chemical, physicochemical, histologic, and electron microscopic 
studies of fatty steaks and raised lesions of both the coronary 
arteries and the aorta (23-28) showed that both fatty streaks and 
raised lesions (as defined by gross criteria) contain free and 
esterified cholesterol, isotropic and anisotropic crystals, extra- 
cellular and intracellular lipid, collagen, and macrophages, and 
differ only in the proportions of each component. These obser- 
vations suggest that there is a continuous spectrum of lesions 
ranging from those composed predominantly of lipid-filled 
macrophages (foam cells) in a relatively normal intima (the fatty 
streak) to those containing predominantly extracellular lipid and 
cholesterol ester crystals with a collagenous and muscular cap 
(the fibrous plaque). Between these 2 extremes of the fatty streak 
and the fibrous plaque, transitional stages of atherosclerosis exist 
that are not identifiable by gross examination alone. 

These transitional stages were related to age by histologic 
examination of a standard site in the left coronary arteries of 
>500 persons from birth to 29 y of age (29). About one-third of 
children under 9 y of age had simple intimal fatty streaks com- 
posed exclusively of macrophage foam cells. By the age of 
puberty, more than one-half of the children had larger accumula- 
tions of macrophage foam cells, extracellular lipid, and lipid in 
smooth muscle cells. A small percentage of these children had 
large accumulations of extracellular lipid. By the late 20s, about 
one-third of the young adults had well-developed raised lesions 
with large extracellular lipid cores and thick fibromuscular caps. 
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These results correspond with the observation 36 y earlier of 
advanced coronary artery lesions in young (average age: 22 y) 
soldiers killed in the Korean War (30). Thus, there seems little 
doubt that in the coronary arteries the juvenile fatty streak — an 
apparently innocuous cluster of macrophage foam cells in the 
arterial intima — can, in some individuals, progress to advanced 
atherosclerotic lesions within a few decades. 

The fatty streak as a byproduct of macrophage function 

The origin of the ubiquitous juvenile fatty streak has long been 
an enigma, but now we have a plausible molecular and cellular 
mechanism for its origin and its transformation into a fibrous 
plaque. The discovery of oxidized LDL (31) and its uptake by the 
macrophage receptor for acetylated LDL (32) led to the identifi- 
cation of a family of macrophage receptors, commonly known as 
scavenger receptors (33-35), that bind a wide range of ligands 
(36) and probably are also involved in host defense mechanisms. 
One scavenger receptor that has a high affinity for oxidized LDL 
also recognizes apoptotic cells and facilitates their phagocytosis 
(37, 38). The common denominator of oxidized LDL and apop- 
totic cells is probably a modified phospholipid (39, 40). 

These observations suggest that macrophages are stationed in 
all tissues, including the arterial wall. Each macrophage pos- 
sesses a battery of versatile receptors that enable it to participate 
in host defenses and to remove apoptotic cell debris. Some of 
these receptors also have an affinity for the LDL that is oxida- 
tively modified during or after passage through the endothelium. 
Any one of several conditions can accelerate the uptake of oxidized 
LDL: higher concentrations of LDL susceptible to oxidation, 
more rapid oxidation of LDL, less antioxidants, genetic varia- 
tions in receptor structure and function (41), impairment of the 
macrophage's ability to discharge the phagocytosed sterols (42), 
or secretion of cytokines by macrophages loaded with choles- 
terol (43). A combination of a few of the factors favoring LDL 
oxidation and macrophage lipid accumulation and retention, 
even with a normal plasma LDL concentration, might explain the 
initial cluster of macrophage foam cells. If the process is accel- 
erated by an elevated plasma LDL concentration, and overloaded 
foam cells die to form a pool of extracellular lipid, the transi- 
tional lesion forms. Macrophages stimulate adjacent smooth 
muscle cells to accumulate lipid (44). Inflammatory cytokines 
are generated, attract more macrophages, and autocatalyze the 
chronic inflammatory process. Thus, plausible molecular and 
cellular mechanisms can now explain the origin of the fatty 
streak as a physiologic process that can transform the fatty streak 
into a pathologic lesion under certain conditions. The risk factors 
for adult CAD augment the process of transforming the fatty 
streak into a lesion that causes arterial occlusion. 



CORONARY ARTERY DISEASE RISK FACTORS AND 
ATHEROSCLEROSIS IN YOUTH 

Association of risk factors for CAD with atherosclerosis 

The longitudinal epidemiologic studies of the 1950s left little 
doubt that certain individual characteristics, which came to be 
known as risk factors, predict the probability that an individual 
will subsequently develop a clinical manifestation of atheroscle- 
rosis. Early attempts to relate these risk factors to atherosclerotic 
lesions yielded negative results (45-48), and these reports are fre- 
quently cited by skeptics of the hypothesis that serum cholesterol 



is an important intervening variable in the etiology of atheroscle- 
rosis (16). However, positive results began to emerge when better 
methods of quantifying atherosclerosis were developed, when 
antemortem risk factor measurements became available, and 
when investigators began to examine subjects dying as a result of 
accidents and other external causes rather than elderly persons 
dying of chronic diseases (49-60). The cumulative evidence is 
now overwhelming that the major risk factors for clinically man- 
ifest CAD (elevated serum cholesterol, hypertension, smoking, 
and diabetes) are strongly associated with atherosclerosis in the 
aorta and coronary arteries of adults older than «35 y of age. A 
few studies have extended the associations to 25 y of age (61, 62). 

Risk factors and atherosclerosis in youth 

In the 1980s, several epidemiologic studies measured serum 
total and lipoprotein cholesterol, blood pressure, adiposity, and 
other variables identified as risk factors for adult CAD in chil- 
dren and adolescents (63, 64). These studies showed that, 
although the average values were lower than those in adults, 
there were wide ranges of values for these variables beginning 
during the preschool period. These findings suggested that the 
predisposition to accelerated atherosclerosis might begin early in 
life and that control of these variables might be useful in long- 
range primary prevention. 

Except for the rare cases of homozygous familial hypercho- 
lesterolemia in which accelerated atherosclerosis is common 
(65), and except for the studies of 25-44-y-old men cited above 
(61, 62), little evidence existed regarding the relation of the adult 
CAD risk factors to atherosclerosis in children, adolescents, or 
young adults under the age of 35 y. This issue is important in 
deciding at what age hygienic measures (eg, diet, physical activity, 
and weight control) should be advocated to control the risk factors 
and thereby retard the progression of atherosclerosis in youth 
and defer the onset of CAD years later. 

In the Bogalusa Heart Study, atherosclerotic lesions were 
measured in arteries from 66 persons aged 6-30 y whose risk 
factors had been measured during life and who were autopsied 
after death due to accidents, homicide, or suicide (66), LDL- 
cholesterol concentrations were positively associated with the 
percentage of surface involved by fatty streaks in the coronary 
arteries and aorta. The number of subjects was not sufficient to 
detect associations with raised lesions nor to examine associa- 
tions within age, sex, and race subgroups. 

The Pathobiological Determinants of Atherosclerosis in 
Youth Study 

In 1985 a group of investigators organized the Pathobiological 
Determinants of Atherosclerosis in Youth (PDAY) Study to obtain 
more extensive information about the relation of risk factors to 
atherosclerotic lesions in youth (67). These investigators collected 
arteries, blood, and selected tissues from ^OOO persons aged 
15-34 y who had died within 72 h of accidental injury, homicide, 
or suicide, and were autopsied within 48 h of death in a medical 
examiner's laboratory. Seven collaborating centers collected this 
material following a standardized procedure and submitted speci- 
mens and information to central laboratories for analysis. 

PDAY collection teams removed the aorta and coronary arteries 
from each body. They split the aorta in half longitudinally, fixed 
one half for gross examination, and preserved fixed and frozen 
samples from the other half for histochetnical and chemical 
analyses. They opened the right coronary artery longitudinally and 
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FIGURE 2. The mean (+SE) extent of fatty streaks and raised lesions 
by 5-y age groups of men (□) and women (■) in the thoracic aorta, 
abdominal aorta, and right coronary artery. The values are adjusted for 
race, non-HDL-cholesterol concentration, HDL-cholesterol concentra- 
tion, and smoking. Drawn from data reported in reference 74. 



fixed it in the flattened state for gross examination, fixed the left 
anterior descending coronary artery by pressure perfusion for 
histologic study, and froze the circumflex coronary artery for 
chemical analyses. 

A central laboratory measured total and HDL cholesterol in 
postmortem serum and derived the non-HDL-cholesterol concen- 
tration by subtraction. The laboratory also measured thiocyanate 
in postmortem serum as an indicator of smoking status and 
measured glycosylated hemoglobin in red blood cells as a measure 
of blood glucose and incipient diabetes mellkus. Mean arterial 
blood pressure was estimated by an algorithm that used the 
thickness of the intima of small renal arteries. Adiposity was 
evaluated as the body mass index (BM1; in kg/m 2 ) computed 
from the weight and height of the body measured at autopsy. 

The fixed aortas and right coronary arteries were stained with 
Sudan IV (Sigma-Aldrich, St Louis) to display fatty streaks. A 
team of pathologists in a central laboratory estimated the per- 
centage of intimal surface of the left half of the aorta and the 
right coronary artery that was involved with fatty streaks and 
with raised lesions, a category that included fibrous plaques and 
plaques with calcification or ulceration. In this age group the 
raised lesions were predominantly uncomplicated fibrous plaques. 
Photographs of the stained arteries were digitized in another cen- 
tral laboratory and converted to standardized formats. Comput- 
erized algorithms produced composite images of specified 
groups that showed the prevalence of fatty streaks and raised 
lesions at each pixel location over the entire arterial surface (68, 69). 



Percentage of surface involvement was also computed for speci- 
fied regions of each artery. 

The collection phase of the project, which began in June 1987, 
was completed in August 1994. A total of 2876 subjects met the 
study criteria. Of these, serum for the measurement of lipopro- 
tein cholesterol and thiocyanate was available for 1506 subjects 
and red blood cells for measurement of glycosylated hemoglo- 
bin were available for 2544 subjects. Kidney samples for 
assessment of hypertension were available for 2833 cases. 
About one-half of the subjects were white and the other one-half 
were black; about three-quarters were men and one-quarter 
were women. About one-third of the subjects died of accidents, 
one-half of homicide, and one-tenth of suicide. In preliminary 
analyses, the associations of risk factors with atherosclerosis 
were similar across all cause-of-death categories and these were 
pooled for the final analyses. 

The major results describing the progression of atherosclerosis 
with age and the associations of serum lipids, smoking, hyper- 
tension, glycosylated hemoglobin, adiposity, and polymorphisms 
in candidate genes have been reported (70-77) and further analyses 
of the data are under way. In this review, we focus on effects of 
the risk factor variables most closely related to nutrition: serum 
lipoprotein cholesterol concentrations, glycosylated hemoglobin, 
and adiposity. 

Risk factors among PDAY subjects 

Non-HDL- and HDL-cholesterol concentrations were remark- 
ably similar to those reported between 1980 and 1993 in surveys 
of living populations (74). The major limitations in use of these 
values are errors introduced by hemodilution as a result of the 
infusion of fluids or hemoconcentration due to hemorrhage after 
injury and before death. We excluded cases with serum choles- 
terol concentrations <2.59 mmol/L (100 mg/dL) to eliminate 
severely diluted sera. Errors due to hemodilution or hemocon- 
centration are likely to degrade associations but are not likely to 
produce spurious associations. 

About one-half of the subjects aged >20 y were smokers as 
indicated by a serum thiocyanate concentration >90 ujnol/L 
(74), a prevalence higher than in most surveys based on self- 
reported smoking habits. This higher prevalence was probably 
due to the association of smoking with accidents and suicides 
and use of an objective marker for smoking. 

About 40% of the subjects had a BMI >25 and 10% had a 
BMI >30 (72). These results are consistent with surveys of adi- 
posity in US adolescents and young adults (78). About 2% of the 
cases had glycosylated hemoglobin concentrations >0.08 (72). 
The prevalence of hypertension was similar to that seen in living 
populations (75). 

Progression of atherosclerosis with age 

Shown in Figure 2 is the average extent of fatty streaks and 
raised lesions of the thoracic aorta, the abdominal aorta, and the 
right coronary artery by sex and 5-y age groups. The values are 
adjusted for race, non-HDL- and HDL-cholesterol concentra- 
tions, and smoking. By 15-19 y of age, fatty streaks occupied 
=25% of the aortic intima in both the thoracic and abdominal 
aortas. In subsequent age groups, fatty streaks remained constant 
in the thoracic aorta, but increased to occupy =40% of the 
abdominal aorta by the age of 30-34 y. By the age of 30-34 y, 
raised lesions occupied <0.5% of the thoracic aorta, but occu- 
pied =5% of the abdominal aortic surface. In the abdominal 
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FIGURE 3. The mean (+SE) extent of fatty streaks and raised lesions 
in the abdominal aorta and right coronary artery by 5-y age groups in 
persons with a favorable lipoprotein profile [□; non-HDL cholesterol 
<2.89 mmol/L (108 mg/dL), HDL cholesterol > 1.55 mmol/L (60 mg/dL)] 
compared with an unfavorable lipoprotein profile [■; non-HDL choles- 
terol >3.88 mmol/L (150 mg/dL), HDL cholesterol <1.11 mmol/L 
(43 mg/dL)]. Values are adjusted for race, sex, and smoking. Drawn from 
data reported in reference 74. 



aorta, fatty streaks were more extensive in women than in men, 
but the extent of raised lesions did not differ significantly 
between men and women. 

In the right coronary artery, fatty streaks increased in extent 
from s = 5 2% of the intimal surface at the age of 15-19 y to ~8% 
at the age of 30-34 y and were equal in men and women. Raised 
lesions increased from —0.5% at the age of 15-19 y to >2% at 
the age of 30-34 y in men, but women had about one-half the 
extent of raised lesions at all ages. These results are consistent 
with results from many previous studies (3, 10, 15, 19) showing 
that the thoracic aorta is highly susceptible to fatty streaks, but 
not to raised lesions; that the abdominal aortas of women have 
more extensive fatty streaks than the abdominal aortas of men 
but an equal extent of raised lesions; and that the coronary arter- 
ies of women and men have an equal extent of fatty streaks, but 
that women have less extensive raised lesions. 

Association of serum lipoprotein cholesterol concentrations 
with atherosclerosis 

Non-HDL-cholesterol concentrations were positively associ- 
ated with both fatty streaks and raised lesions in both the aorta 
and the right coronary artery; the opposite was true of HDL- 
cholesterol concentrations. Compared in Figure 3 are fatty 
streaks and raised lesions in persons with favorable lipoprotein 
profiles (lowest third of non-HDL-cholesterol concentration, 
highest third of HDL-cholesterol concentration) and in those 
with unfavorable lipoprotein profiles (highest third of non- 
HDL cholesterol, lowest third of HDL cholesterol) (74). The 



values are adjusted for race, sex, and smoking. The unfavorable 
profile was associated with more extensive fatty streaks in both 
the abdominal aorta and the right coronary artery in all age 
groups. In the right coronary artery of 30-34-y-olds, the differ- 
ence was nearly 3-fold. The lipoprotein profile began to affect 
raised lesions in the 20-24-y age group, and the difference in 
raised lesions was nearly 3-fold by 30-34 y. The unfavorable 
lipoprotein profile as defined here (combination of high non- 
HDL and low HDL cholesterol) is not rare: =10% of the PDAY 
cases fell into this category. 

Association of BMI with atherosclerosis 

The BMI was associated with more extensive fatty streaks and 
raised lesions in the right coronary arteries of men but not of 
women (Figure 4) (72). 

Association of glycosylated hemoglobin with atherosclerosis 

An elevated glycosylated hemoglobin concentration (>0.08), 
which corresponds to an average blood glucose concentration of 
>8.3 mmol/L (150 mg/dL) for the previous 2 or 3 mo, was asso- 
ciated with increased fatty streaks and raised lesions of the right 
coronary artery (Figure 5) and with raised lesions of the 
abdominal aorta (72). 

Association of smoking with atherosclerosis 

In the abdominal aorta, smoking was associated with more 
extensive fatty streaks in the 15-24-y age group and with 3-fold 
more extensive raised lesions in the aorta in the 25-34-y age 
group (74). Smoking was also associated with a greater popula- 
tion of macrophage foam cells in atherosclerotic lesions (79). 

Association of hypertension with atherosclerosis 

Hypertension (mean arterial pressure > 1 10 mm Hg) was asso- 
ciated with more extensive raised lesions in the right coronary 
artery and abdominal aorta, but did not affect fatty streaks (75). 
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FIGURE 4. The mean (+SE) extent of fatly streaks and raised lesions 
in the right coronary artery by BMI in men (□) and (■). Values are 
adjusted for race and age. Drawn from data reported in reference 73. 
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FIGURE 5. The mean (+SE) extent of fatty streaks and raised lesions 
in the right coronary artery by age and normal glycosylated hemoglobin 
concentration (□; <0.08) compared with elevated glycosylated hemo- 
globin concentration (■; £0.08). Values are adjusted for race and sex. 
Drawn from data reported in reference 73. 



Topography of coronary fatty streaks and raised lesions 

The topographic association of fatty streaks with raised 
lesions in the right coronary arteries of PDAY specimens is 
shown in Figures 6 and 7. In Figure 6, composite computerized 
images of right coronary artery intima stained with Sudan IV 
(fatty streaks) by 5-y age groups of white males are shown in 
the left panel and raised lesions are shown in the right panel. 



The extent of raised lesions followed that of fatty streaks by 
~5 y and the topographic distributions of fatty streaks and 
raised lesions were similar in all age groups. These results are 
consistent with those derived from a different population (20) 
and suggest that local factors in the artery wall affect fatty 
streaks and raised lesions similarly. 



SUMMARY AND IMPLICATIONS FOR THE PREVENTION 
OF CORONARY ARTERY DISEASE 

Fatty streaks as the initial lesions of atherosclerosis 

Morphologic observations show a continuous progression 
from uncomplicated juvenile fatty streaks to raised lesions. The 
associations of risk factors with fatty streaks and raised lesions 
are similar and the topographic distributions of fatty streaks and 
raised lesions are similar in the coronary arteries and the abdom- 
inal aorta. The juvenile fatty streak, defined grossly, varies widely 
in characteristics. Under certain conditions and at certain 
anatomic sites, it is converted into a fibrous plaque and eventually 
undergoes other changes that directly cause arterial occlusion. 
Although harmless if it remains a fatty streak, the fatty streak 
nevertheless appears to be the initial lesion of atherosclerosis. 

Mechanisms of transformation to raised lesions 

The associations of CAD risk factors with fatty streaks and 
raised lesions in young adults are consistent with the cellular and 
molecular mechanisms derived from emerging knowledge of 
oxidized LDL, macrophages, and scavenger receptors. An ele- 
vated LDL concentration is the most common determinant of 
progression. HDL has antioxidant properties (80) and provides 
reverse cholesterol transport. Smoking has many effects, includ- 
ing increasing oxidative stress (81). Estrogen also has many 
effects, including antioxidant and antiinflammatory properties 
(82, 83). Hyperglycemia increases the formation of advanced 
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FIGURE 6. Composite digitized images of the right coronary artery of white males by 5-y age groups to depict the prevalence of fatly streaks 
stained with Sudan IV (Sigma- Aldrich, St Louis) (left panel) and the prevalence of raised lesions (right panel), n = 193 (15-19 y), 231 (20-24 y), 
276 (25-29 y), and 234 (30-34 y). Color scale at bottom indicates prevalence. 
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FIGURE 7. The mean (+SE) extent of fatty streaks and raised lesions 
in 1-cm segments of right coronary artery by 5-y age groups. Values 
were adjusted for race and sex and were generated by computerized dig- 
ital image analysis. 



glycosylation end products, which are ingested by scavenger 
receptors and further damage macrophages (84). 

Mechanisms by which obesity augments raised lesions in men 
but not in women are not yet obvious. Despite many hypotheses 
involving the angiotensin system, it is not clear how hyperten- 
sion accelerates the formation of raised lesions but not fatty 
streaks. It is still necessary to consider local anatomic and hemo- 
dynamic factors to account for the localization of fatty streaks, 
and for the tendency of fatty streaks in some locations to 
progress and in other sites to regress or remain static. 

Implications for the prevention of CAD 

We now have evidence that serum lipoprotein concentrations, 
smoking, obesity, and hyperglycemia are closely associated with 
fatty streaks in the second decade of life. The same risk factors, 
along with hypertension, are associated with raised lesions in the 
third decade of life. These results indicate that the long-range 
prevention of CAD should begin in childhood with control of the 
risk factors for CAD to limit the extent of juvenile fatty streaks 
and, more critically, to prevent or retard their progression to 
raised lesions. 



NOTE ADDED IN PROOF 

Subsequent to the submission of the manuscript, several articles 
that supplemented or modified statements in this article were 
published by the PDAY Research Group. 

Transitional lesion 

We state that "transitional stages of atherosclerosis. . . are not 
identifiable by gross examination alone." Wissler et al (85) com- 
pared the microscopic characteristics of several gross lesions in 
PDAY cases with microscopic counterparts and developed crite- 



ria for the identification of transitional lesions, known as fatty 
plaques or raised fatty streaks. These criteria were applied to 
—3000 aortas and coronary arteries, and the areas previously 
designated fatty streaks were divided into flat fatty streaks and 
raised fatty streaks. There were significant associations of raised 
fatty streaks with the risk factors for adult CAD (eg, non-HDL 
cholesterol- and HDL-cholesterol concentrations, hypertension, 
smoking, obesity, and impaired glucose tolerance), and these 
associations became evident in the late teenage years, earlier 
than the associations with grossly detected raised lesions (86). 
These results are consistent with the hypothesized progression of 
atherosclerosis from fatty streaks to fibrous plaques under the 
influence of the risk factors for adult CAD. 

The microscopic qualities of atherosclerotic lesions at a stan- 
dard site in the left anterior descending coronary artery were 
evaluated in 760 PDAY cases by using the American Heart Asso- 
ciation (AHA) grading method (87) and computerized mor- 
phometry (88). Advanced (AHA grade 4-5) lesions were more 
frequent in men than in women and were positively associated 
with non-HDL-cholesterol concentrations, obesity, hyperten- 
sion, and impaired glucose tolerance. AHA grade 2-3 lesions 
were associated with low HDL-cholesterol concentrations and 
smoking. Approximately 19% of 30-34-y-old men and 8% of 
30-34-y-old women had stenosis >40%, and stenosis was asso- 
ciated with high non-HDL-cholesterol concentrations and obe- 
sity. The effects became evident in the 15-19-y age group. These 
results show that the risk factors affect the microscopic qualities 
related to the progression and the gross extent of atherosclerosis 
in youth. 

Regional variations in the progression of atherosclerosis 

PDAY investigators extended the analyses of computerized 
images of the right coronary artery and aorta shown in Figures 
6 and 7 to >2000 cases (89). The results confirmed quantita- 
tively the statements in this article about the topographic local- 
ization of aortic and coronary artery fatty streaks and their rela- 
tionship to raised lesions that develop in the same areas in 
subsequent years. Estimates of the risk factor effects are ^25% 
stronger in the vulnerable arterial segments than are estimates 
for the entire arterial intimal surface. The results also showed 
that there are some variations between arterial segments in their 
susceptibility to different risk factors, eg, smoking selectively 
augments atherosclerosis in the dorsolateral region of the distal 
third of the abdominal aorta. El 
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THERAPEUTIC ANTAGONISTS AND 
CONFORMATIONAL REGULATION 
OF INTEGRIN FUNCTION 

Motomu Shimaoka and Timothy A. Springer 

Integrins are a structurally elaborate family of adhesion molecules that transmit signals bi- 
directionally across the plasma membrane by undergoing large-scale structural rearrangements. 
By regulating cell-cell and cell-matrix contacts, integrins participate in a wide range of biological 
processes, including development, tissue repair, angiogenesis, inflammation and haemostasis. 
From a therapeutic standpoint, integrins are probably the most important class of cell-adhesion 
receptors. Recent progress in the development of integrin antagonists has resulted in their clinical 
application and has shed new light on integrin biology. On the basis of their mechanism of action, 
small-molecule integrin antagonists fall into three different classes. Each of these classes affect 
the equilibria that relate integrin conformational states, but in different ways. 



Members of the integrin family of adhesion molecules 
are non-covalently-associated ct/p heterodimers that 
mediate cell-cell, cell-extracellular matrix and 
cell-pathogen interactions by binding to distinct, but 
often overlapping, combinations of iigands (BOX i). 
Eighteen different integrin a-subunits and eight differ- 
ent p-subunits are present in vertebrates, which form 
at least twenty- four ct/(3 heterodimers, perhaps making 
integrins the most structurally and functionally diverse 
family of cell-adhesion molecules 1 - 2 (fig. ] ). Half of inte- 
grin a-subunits contain inserted (I) domains, which 
are the principal ligand-binding domains when 
present 3,4 . The complexity, and structural and func- 
tional diversity of integrins allows this family of adhe- 
sion molecules to play a pivotal role in broad contexts 
of biology, including inflammation, innate and antigen- 
specific immunity, haemostasis, wound healing, tissue 
morphogenesis, and regulation of cell growth and dif- 
ferentiation 1 - 2 . Conversely, dysregulation of integrins is 
involved in the pathogenesis of many disease states, 
from autoimmunity to thrombotic vascular diseases to 
cancer metastasis 5 . Therefore, extensive efforts have 
been directed towards the discovery and development 
of integrin antagonists for clinical applications. 
Significant advances have been made in targeting 



allbf»3 on platelets for inhibiting thrombosis 6 , avf>3 
and avp5 for blocking tumour metastasis, angiogenesis 
and bone resorption 7 , and p2 integrins and «4 integrins 
on leukocytes for treating autoimmune diseases and 
other inflammatory disorders*- 9 . 

Small- molecule integrin inhibitors not only interfere 
with ligand binding, but also stabilize particular inte- 
grin conformations, which has provided insights into 
integrin structural rearrangements. In this review, we 
focus not only on antagonists of integrins as promising 
therapeutics, but also on what the drug discovery litera- 
ture can teach us about the conformational regulation 
of integrin structure and function, and what structural 
and mutational studies on integrins teach us about the 
mechanism of action of antagonists. The reader is 
referred elsewhere for reviews of the extremely large 
variety of small molecules and antibodies that have 
been developed as integrin antagonists, and results in 
animal model studies and human clinical trials*" 17 . 

Overview of Integrin structure 

Integrin heterodimers and integrin domains. Integrins 
are large glycoproteins with multiple domains. 
Integrin ligand-binding function is tightly linked to 
molecular conformation. On activation, dramatic 
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Box 1 [ Integrin ligands 



Integrins bind extracellular matrix ligands as well as cell-surface receptors. Fibrinogen 
— a dim eric soluble plasma protein that plays important roles in blood clotting, wound 
healing and inflammation 106107 — is also one of the most important extracellular 
matrix ligands for integrins including cdlbp3, avp3, aM(52 and aXf32. Fibrinogen is 
proteolytically converted by thrombin to fibrin that self-assembles into an insoluble clot 
with a network-like structure. Binding to and crosslinking of cdlbp3 on platelets by 
fibrinogen is required for platelet aggregation, which is crucial in thrombus formation. 
Fibrinogen also binds to ctMp2 and GtXp2, and is involved in inflammation by 
facilitating leukocyte adhesion to fibrinogen-deposited tissue and implants. 

On the other hand, intercellular adhesion molecules (I CAMs) are immunoglobulin 
superfamily members that are among the most important cell-surface ligands for 
integrins including ctLp2, aM{32, aXp2 and aD(32 {REE 92). ICAM-I is expressed on 
endothelial cells as well as on leukocytes. ICAM- 1 is upregulated on endothelial cells 
by inflammatory stimuli such as tumour-necrosis factor-a. By interacting with 02 
integrins, ICAM-1 plays a pivotal role in leukocyte migration into the tissue from the 
blood stream. ICAM-1 on antigen -presenting cells functions as a co-stimulatory 
molecule to T-cell receptors by signalling through leukocyte function-associated 
antigen-1 on T cells and taking part in immunological synapse formation 90 . 



rearrangements occur in the overall spatial relation- 
ships of integrin domains 4 . Understanding the structural 
basis of integrin activation in detail is essential for 
understanding the mechanism of antagonism by thera- 
peutics, as well as for the design of second-generation 
antagonists with novel mechanisms of action. 

Integrins comprise two non-covalently-associated 
type I transmembrane glycoprotein a- and p-subunits. 



Each subunit contains a large extracellular domain, a sin- 
gle transmembrane domain and, except for integrin p4, 
a short cytoplasmic tail (FIG. 2). The integrin a-subunit 
ectodomain of >940 residues contains four domains (five 
in I-domain-containing integrins) and the p-subunit of 
-640 residues contains eight domains (FIG. 2). The crystal 
structure of extracellular parts of ctvp3 integrin that lacks 
an I domain revealed the structure in a bent conforma- 
tion of eight domains, and a portion of the ninth, out of 
the twelve domains predicted to be present (fig. 2b) 18 . The 
structures of integrin-egp domains 2 and 3 of the p2 sub- 
unit were determined by nuclear magnetic resonance, 
and these complemented a part of the missing portions of 
the av(33 structure 19 . The N-terminal portions of the 
a- and p-subunits fold into the globular headpiece, 
which is connected through a- and p-tailpiece domains 
to the membrane 18,20 " 22 . Dramatic rearrangements occur 
in the orientation of these domains during integrin 
activation (FIG. 3a-c)", In this review, we focus on the 
P- propeller, I-like and I domains, because these are the 
ligand-binding domains and the domains to which 
known antagonists bind (FlGS3cand4). However, it should 
be emphasized that in the bent conformation, extensive 
interfaces — totalling >4,000 A 2 of solvent-accessible 
surface — are buried between the headpiece and tailpiece, 
and between the ct-tailpiece and p-tailpiece. These inter- 
faces stabilize the bent conformation, and are important 
in regulating the equilibrium between the bent and 
extended integrin conformations (FIG. 3a-c) 23,24 . 



INTEGRIN-EGF DOMAIN 
A module in cysteine-rich repeats 
tn the integrin p-subunit stalk 
region adopts a nosecone-shaped 
variant of the epidermal growth 
factor (EGF) fold, termed an 
tntegrin-EGF (1-EGF) domain. 






Figure 1 | Integrin heterodimer composition. Integrin o- and p-subunits form 24 heterodimers that recognize distinct but 
overlapping ligands. Half of the a-subunits contain I domains (asterisked). 
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Figure 2 1 Integrin architecture, a | Organization of domains within the primary structure. Some a-subunits contain an I domain 
inserted in the position denoted by the broken lines. Cysteines and disulphide bonds are shown as lines below the stick figures. 
Red and blue asterisks denote Ca 2 *- and Mg 2+ - binding sites, respectively, b | Arrangement of domains within the three-dimensional 
crystal structure of avp3 (ref. 18), with an I domain added. Each domain is colour-coded as in a. p-TD, p-tail domain; l-EGF, 
integrin-epidermal growth factor domain; PSI, plexin/semaphorin/integrin. 



vWF-typeA domains: I domain and 1-like domain. All 
integrin p-subunits and half of integrin a-subunits 
contain von Willebrand factor (vWF)-type A domains 
of -200 amino acids in length* also referred to as the I 
domain in the a-subunit and the I-like domain in the 
(3-subunit, respectively (figs i and 2) 3 * 4 . Each domain 
adopts an a/(5 Rossmann fold with a metal -ion- depen- 
dent adhesion site (MIDAS) on the Hop' of the domain, 
whereas its C- and N-terminal connections are on the 
distal 'bottom' face 4,,<U5,2b (FIGS 5 and 6). Divalent cations 
are universally required for integrins to bind ligands 
and the metal at the MIDAS directly coordinates to a 
glutamic acid (Glu) or aspartic acid (Asp) residue in 
the ligand. This metal-dependent interaction through 
the MIDAS has a central role in ligand recognition by 
the I and I-like domains. 

/ domain. The I domain, which is inserted between 
blades 2 and 3 of the p-propeller domain of the 
a-subunit (FIG. 2a) 27 , is a major ligand-binding domain 
and recognizes ligand directly when it is present 28,29 . The 
ability of the I domain to bind ligand is controlled by 
conformational changes; the affinity of the I domain for 
its ligand is enhanced by downward axial displacement 
of its C- terminal helix, which is conformationally linked 



to alterations of the MIDAS loops and Mg 2+ coordina- 
tion 3 ^ 32 (FIG. 5). In the case of aLp2, compared with the 
default, low-affinity conformation, downward dis- 
placements by one and two turns of the helix lead to 
intermediate- and high-affinity conformations with 
-500- and 10,000-fold increased affinity, respectively 32 . 

Conversely, binding of ligand to the MIDAS of the 
I domain induces conformational change by stabilizing 
the high-affinity conformation. These changes include 
rearrangements in metal coordination in the MIDAS 
and backbone movements in the loops surrounding 
the MIDAS, which are linked to a downward axial dis- 
placement of the C-terminal helix (fig. 4) 25,,2,3 \ 

I-like domain. The p-subunit I-like domain, which is 
inserted in the hybrid domain of the p-subunit (FIGS 
2a, 3b and 3c), directly binds ligand in integrins that 
lack I domains in the a-subunit (FIGS 3c and 7). By con- 
trast, when the I domain is present, the I-like domain 
functions indirectly by regulating the I domain (FIG. 4). 
Compared to the I domain, the I-like domain con- 
tains two long loops, including one which is impor- 
tant for determining ligand specificity, and is referred 
to as the specificity-determining loop (SDL) 34 . On 
either side of the MIDAS, the I-like domain contains 
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a Bent form with closed headpiece b Extended form with closed headpiece c Extended form with open headpiece 

bound by cRGD 




Figure 3 | Domain organization and global conformational changes of the extracellular portion of integrins. Three 
distinctive conformations are illustrated for integrin avp3, which lacks an I domain. The conformations are based on crystal 18,31 
nuclear magnetic resonance 19 and electron microscopy 23 structures. Ribbon representations were prepared as described 1118 , 
a | Bent conformation (low affinity), b | Extended conformation with closed headpiece (intermediate affinity), c J Extended 
conformation with open headpiece (high affinity) bound by cyclic Arg-Gly-Asp (cRGD) peptide (shown as a space-filling 
representation with black balls). Ca 2+ and Mg^ ions are gold and silver spheres, respectively. I-EGF, integrin-epiderma! growth 
factor domain; PSI. plexin/semaphorin/integrin. 



two adjacent metal coordination sites, the adjacent to 
MIDAS (ADMIDAS) site and the ligand-associated 
metal binding site (LIMBS) (FIG.7) ,8>?S . 

The function of the I-like domain seems to be regu- 
lated by conformational changes similar to those 
observed in the I domain, in which a downward move- 
ment of the C-terminal a-helix allosterically alters the 
geometry of the MIDAS and increases the affinity for 
ligand 4,36 . Outward swing of the hybrid domain relative 
to the l-like domain (FIGS 3b and c) is thought to be 
coupled to the downward shift of the C-terminal a-helix 
of the I-like domain 23 - 24 . 

P-propeller domain. The N-terminal region of the inte- 
grin ct-subunit contains seven repeats of ~60 amino 
acids, which fold into a seven-bladed P-propeller 
domain 18,27 (FIG. 2). A P-propeller domain with the same 
topology is found in the trimeric G-protein p-subunit. 
The p-propeller domain directly participates in ligand 
recognition in those integrins that lack a I domains 3 . 

Structure of the headpiece in integrins that lack 
I domains. The structure of ctvP3 reveals that the I-like 
domain makes extensive contact with the p-propeller 
domain, with the 'top' ligand-binding faces of each 
domain oriented at -90° to one another (fig. 3c) 18 . Loops 
in blades 2, 3 and 4 of the P-propeller domain are 
prominent in the ligand-binding site. The structure of 
ctvp3 in complex with a cyclic peptide containing an 
Arg-Gly-Asp (RGD) sequence demonstrated binding to 
both the a- and p-subunits at the p-propeller/I-like 



domain interface (FIG. 3c). The Asp carboxylic acid side 
chain coordinates directly to the metal of the p-subunit 
I-like domain MIDAS, whereas the Arg side chain binds 
to the ct-subunit P-propeller domain 35 . Mapping by 
mutagenesis of residues important in binding to fib- 
rinogen, the biological ligand of allbp3, demonstrated a 
much larger interaction surface, centered on blades 2 to 
4 of the a-subunit p-propeller domain and the SDL 
loop of the p-subunit I-like domain (fig. 7) 37,m . 

Intriguing structural homology exists between the 
integrin p-propeller domain and the trimeric G-protein 
p-subunit, and between integrin I and I-like domains 
and G-protein ct-subunits 18,27 . Dissociation of these 
domains on activation occurs in G-proteins; however, in 
integrin activation there is little rigid body movement of 
the p-propeller domain relative to the I-like domain 39 . 
Instead, ligand-binding affinity seems to be regulated 
primarily by conformational changes in loops of the I-like 
domain and p-propeller domain. 

Structure of the headpiece in integrins that contain 
I domains. In integrins that contain I domains, the 
I domain binds ligand, whereas the p-propeller and l-like 
domains have a regulatory role (FIG. 4) 40,4 '. The bottom of 
the I domain is connected at its N and C termini to 
blades 2 and 3 of the p-propeller, respectively. A linker of 
-15 residues C-terminal to the I domain is located near 
the p-propeller/l-like domain interface, which corre- 
sponds to the ligand-binding face in integrins that lack I 
domains. It has been proposed that the I-like domain, 
when activated, interacts with a portion of this linker, 
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and thereby relays activation to the I domain 4,36,42 . The 
. polypeptide linker between the C terminus of the 
I domain and p-sheet 3 of the P-propeller domain, 
including aL residue Glu-310, is important in I domain 
activation- 11 . 1 domain activation is induced by a down- 
ward pull on the C-terminal a-helix or linker 4,43 . It is 
proposed that the universally conserved residue Glu- 
3 1 0 in the I domain linker is an 'intrinsic ligand,' and 
that binding of the activated (52 I-like domain to this 
intrinsic ligand pulls the C-terminal a-helix of the 
I domain downward, and activates high affinity for ligand 
(fig.4) 4 -* 42 . 

Structural basis of signal transmission. Intracellular sig- 
nalling pathways that are activated by other receptors 
(for example, receptors coupled to G -proteins or tyro- 
sine kinases) impinge on integrin cytoplasmic domains 
and enhance die activity of the extracellular headpiece for 
ligand binding? 4-46 . Recendy, the basis for bi-directional 
signal transmission across the membrane by integrins 
has been explained. The integrin a- and p-cytoplasmic 
tails associate with each other and constrain the integrin 
in its inactive form. Dissociation of the a/f3 cytoplasmic 
tails by signals within the cell leads to the activation of 
the extracellular parts of the integrin 2 l - 23 * 47 - 49 . In the 
latent, low-affinity state, the integrin assumes a bent con- 
formation (fig. 3a) I9,2 \ Separation of the a- and p-sub- 
unit cytoplasmic domains is linked to separation of the 
transmembrane domains and the membrane- proximal 
segments of the a- and p-extracellular domains, which 
destabilizes the interface between the headpiece and 
tailpiece, and induces a switchblade-like opening to an 
extended conformation (FiG.3b). This re-orientates the 
ligand-binding face and exposes activation epitopes in 
the tailpiece. In the extended conformation, two differ- 
ent conformations of the headpiece, termed closed 
(FIG. 3b) and open (FIG. 3c), are seen 23 . In the bent confor- 
mation, only the closed conformation of the headpiece 
is present 18 . Therefore, extension facilitates adoption of 
the open conformation of the headpiece, which corres- 
ponds to the ligand-bound and high-affinity confor- 
mation 23 . In the open headpiece conformation, there is 
a marked change in orientation between the I-like 
domain and hybrid domain (FIG. 3b and 3c), and this is 
postulated to be linked through movement of the 
C-terminal I-like domain a7 helix to conformational 
changes at the I-like domain MIDAS, similar to the 
conformational changes seen in I domains 23 . Linked 
changes in p-propeller loops may also occur. Notably, 
many antibody epitopes that are buried in the bent 
conformation become exposed in the extended confor- 
mation. As described below, ligand-mimetic integrin 
antagonists also induce the high-affinity, extended con- 
formation. This has important clinical implications, 
especially for allbp3 antagonists. 

In solution, and apparently on the cell surface as 
well, integrins are not fixed in a particular conforma- 
tion, but equilibrate between them 23 (FIG. 3a-c). 
Whether or not the equilibrium favours the bent, low- 
affinity conformation or the extended, high-affinity 
conformation is affected by the presence of activating 
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Figure 4 J Model of integrin al_p2, which contains an 
I domain, bound to ICAM-1. Domains, except for the 
I domain and intercellular adhesion molecule- 1 (ICAM-1), 
are the same as those of nvp3 in FIG. 3c. The aL I domain and 
its complex with the N-terminal 2 domains of ICAM-1 are 
cartoons based on crystal structures 32 ; the C-terminal I domain 
ct-helix is represented by a cylinder in its low-affinity (blue) and 
high-affinity (orange) conformation. The I domain is joined at the 
point of its insertion in the p-propeller domain but its orientation 
is arbitrary; the I domain and ICAM-1 are shown at slightly larger 
scale for emphasis. Mg 2+ ions at the metal -ion-dependent 
adhesion site of the I and the I-like domains are gold spheres. 
Ca 2+ ions and a metal at the p2 ligand-associated metal binding 
site are not shown. I-EGF, integrin- epidermal growth factor 
domain: PSI, plexirVsemaphorin/integrin. 



intracellular factors and the concentration of 
extracellular ligands. Activation by signals within the 
cell (inside-out signalling) induces straightening and 
stabilizes the extended form. Binding of extracellular 
ligands also stabilizes the extended conformation and 
therefore enhances the separation of integrin tails, 
which transmits signals to the cytoplasm (outside-in 
signalling). Therefore, transition from the bent to the 
extended conformation is a bi-directional, allosteric 
mechanism for relaying conformational signals 
between the integrin headpiece and the cytoplasmic 
domains. AH biological integrin ligands are multiva- 
lent, and can therefore also induce integrin clustering, 
which seems to be required, in addition to conforma- 
tional change, for outside-in signalling. 
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Figure 5 1 Stereo view of alternative conformations of the aM I domain. The regions with 
significant conformational changes are shown in blue (closed, low affinity) and yellow {open, high 
affinity). Regions with similar backbones are in gray. Mg 2+ ions and side chains of metal - 
coordinating residues at the metal-ion-dependent adhesion site are in blue (closed, low affinity} and 
yellow (open, high affinity) with red oxygen atoms. Ribbon diagrams are prepared as described 4 . 



Integrins lacking I domains: allbp3 

allbfi3 biology, all bp 3, which is the receptor for fib- 
rinogen/fibrin, is expressed exclusively on platelets and 
their precursors, and mediates platelet aggregation and 
thrombus formation. On resting platelets, allbp3 is 
inactive, but when platelets are exposed to agonists such 
as thrombin, ADP and platelet-activating factor, allbp3 
undergoes changes to the extended, active conformation 
that binds fibrinogen, and additional allbp3 receptors 
are mobilized to the cell surface from an a-granule stor- 
age pool 10 . Platelet aggregation is a prerequisite for 
thrombus formation, which first diminishes and then 
stops blood supply to organs, and subsequently results 
in tissue ischaemia. Integrin allbp3 has a key role in the 
pathogenesis of thrombotic cardiovascular diseases, 
such as ischaemic heart disease and stroke. The develop- 
ment of integrin antagonists was pioneered with 
ttllb(33, for which there are three distinct clinically 
approved therapeutics and an extremely large medicinal 
chemistry literature 5,6,10 . 

Structural features of biological ligands. In addition to 
fibrinogen, ctllbp3 binds to plasma and matrix proteins, 
such as vWF, fibronectin, thrombospondin and vit- 
ronectin. These ligands all share an RGD or RGD-like 
motif that is central in their receptor binding site. A sub- 
set of integrins that lack I domains, including allbp3, 
avp3, and a5p 1 , recognize the RGD motif. Plasma 
fibrinogen is a disulphide-linked dimer, with each 
monomer containing disulphide-linked a-, P-, and 
Y-subunits. The monomers dimerize at their N-terminal 
ends. The crucial recognition motif for allbp3 is an 
RGD-like Lys-Gln-Ala-Gly-Asp-Val (KQAGDV) motif 
near the C-terminal end of the y-subunit, although two 
RGD sites in the a-subunit may also be recognized 3 . 

A family of integrin ligands containing RGD or 
KGD motifs found in snake venom are named disinte- 
grins for their ability to inhibit platelet aggregation by 
interacting with allbp3. In contrast to fibrinogen, 



which binds only active allbp3, the disintegrin echis- 
tatin can bind potently to both active and inactive 
forms of the integrin 50 . 

Antagonist action and effects on conformation. Using 
the RGD motif and disintegrins as leads, allbp3 antago- 
nists have been developed that are cyclic peptides con- 
taining the RGD or KGD sequence, pepudomimetics, or 
small molecules that imitate the integrin-binding prop- 
erties of the RGD peptide in terms of overall geometry 
and the presence of a basic moiety and free carboxyl 
group 6 (fig. 8a). The antagonists function as ligand- 
mimetic competitive inhibitors. A crystal structure of a 
cyclic RGD peptide bound to the closely related avp3 
integrin demonstrates that the Arg guanidinium moiety 
forms salt bridges to Asp residues in p-propeller loops, 
and the Asp carboxyl group ligates the metal ion in the 

I- like domain MIDAS, whereas the Gly makes few 
interactions and essentially serves as a spacer 35 . These 
observations are in excellent agreement with structure- 
activity relationships observed for small-molecule 
antagonists 6,51 . Furthermore, the contacts of the cyclic 
RGD peptide with ctvp3 (FIG. 3c) correspond to the 
centre of the binding site for fibrinogen in allbp3 
defined by mutagenesis (FIG. 7). 

Antagonist-induced active conformation. Binding of 
natural ligands to integrins induces exposure of 
neoepitopes referred to as ligand-induced binding site 
(LIBS) epitopes 20,52 " 55 . The exposure of LIBS epitopes is 
a consequence of conformational changes, and is usu- 
ally induced by activation as well as binding of ligands. 
Some, if not all, small-molecule antagonists of allbp3 
induce LIBS epitopes just as natural ligands do, indicat- 
ing that the antagonists induce the active conformation 
(FIG. 9a-*) 56 " 58 . 

Two-step binding kinetics also demonstrate that a 
conformational rearrangement occurs on ligand bind- 
ing. Two-step kinetics have been demonstrated for 
both the binding of purified fibrinogen to purified 
integrin allbp3 (refs 59.60), and the binding of fluores- 
cent RGD peptidomimetics to allbp3 on intact 
platelets 61 . In a fast reaction, a low-affinity complex is 
first formed. In a reaction with slower kinetics, the 
low-affinity complex is converted to a higher-affinity 
complex. The r |y , for conversion by peptidomimetics is 

I I- 16 seconds (REF. 61). These findings are consistent 
with observations that cyclic RGD peptides bind to the 
bent, low-affinity conformation of avp3 (REF. 35) (fig. 3a), 
and induce conversion to the extended conformation 
with open headpiece 23 (fig. 3c). 

Most ligand-mimetic antagonists induce LIBS epi- 
topes that are topographically widely distributed over the 
allb and p3 subunits, whereas some, such as lamifiban 
(Ro44-9883) and tirofiban (MK383), induce only a sub- 
set of LIBS 58 - 62 . Some antagonists, including tirofiban and 
lamifiban, bind to the active form of allbp3 with 
markedly higher affinity than to the inactive form, simi- 
larly to the natural ligand fibrinogen. Others, such as 
L-736622,bind to active and inactive forms with equal 
affinity, similarly to the disintegrin echistatin 50 . 
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SDS-PAGE 

(Sodium dodccyl sulphate- 
polyacrylamide gd electro- 
phoresis). A method for 
resolving a protein into its 
subunits and determining theii 
separate molecular weights. 

THROMBOCYTOPAEN1A 
A disorder in which the 
number of platelets is 
abnormally low, and which is 
sometimes associated with 
abnormal bleeding. 



In addition to the induction of the active conforma- 
tion, high-affinity small-molecule antagonists of ctllbp3 
tighten association between the a- and f3-subunits. 
When cdlbfB is incubated in SDS at room temperature, 
the non-covalently-associated subunits separate and 
migrate as a- and p-monomers in sds-pagk. However, 
when pre-treated with high-affinity small-molecule 
antagonists or echistatin, allb(i3 migrates as an ct/p 
complex in SDS-PAGE 63 " 65 . Formation of the SDS- 
stable a/p complex requires cations, possibly because 
of the metal requirement for antagonist binding to the 
1-like domain MIDAS. A fragment of ctllbp3 contain- 
ing only headpiece domains is also stabilized as a dimer 
in SDS-PAGE by a high-affinity antagonist 39 . This 
shows that it is the a-subunit p-propeller interface with 
the p-subunit I-like domain that is stabilized by the 
compounds, which is consistent with compound 
binding across this interface. 

All clinically approved allbp3 antagonists elicit 
th rombocytopa eni a in a small subgroup of up to 2% of 
patients* 10,66 . The exposure of neoepitopes by ligand- 
mimetic antagonists is an obvious concern, although 
the antibody antagonist abciximab, which does not 
induce neoepitopes, also elicits thrombocytopaenia. 
Recently, drug-dependent antibodies against allbp3 
have been associated with the incidence of thrombo- 
cytopaenia in trials of the oral cxllbp3 antagonist roxi- 
fiban 10 '**. Interestingly, the antibodies show specificity 
for the aIlbp3-antagonist complex; that is, a lack of, or 
limited, crossreactivity with allbp3 complexed with 
chemically distinct antagonists. Furthermore, drug- 
dependent antibodies were found to pre-exist in the 
general population at a frequency of l^o 66 . 

Agonistic effects of antagonists. The functional conse- 
quences of the antagonist-induced active conforma- 
tion have been hody debated 6,67,68 . Agonistic effects of 
antagonists have been demonstrated with RGD pep- 
tides and small-molecule antagonists that are known 
to induce LIBS 56 ". Purified allbp3, pre-incubated 
with RGD peptide, followed by removal of bound 
peptide, is activated for binding to soluble fibrinogen, 
whereas the continued presence of RGD peptide 
inhibits fibrinogen binding. When platelets are incu- 
bated with RGD or small-molecule antagonists, then 
fixed, and washed to remove the antagonists, fibrino- 
gen binding is activated. So, antagonists not only 
expose LIBS epitopes but also induce the high-affinity 
ligand-binding conformation. By contrast, on intact, 
unfixed platelets, the antagonist-induced active con- 
formation is reversible and does not persist after the 
antagonist is washed out 56,68 . The reversibility of 
the antagonist-induced active conformation in intact 
platelets has important implications for the develop- 
ment of therapeutics, because without it drug clear- 
ance would be expected to result in enhanced platelet 
aggregation. Membrane and/or cytoplasmic interac- 
tions have been proposed to explain the reversal 
in the antagonist-induced active conformation that 
is seen in intact platelets but not in purified allbp3 

(REF.57). 




Figure 6 1 Ribbon diagram of the aL 1 domain in complex 
with an a I allosteric antagonist 93 . The I domain adopts a 
Rossmann fold in which the central p-strands {green) are 
surrounded by seven a-helices (blue). A Mg 2 * ion (yellow) is 
located at the metal-ion-dependent adhesion site (MIDAS) on 
the 'top' of the domain, whereas the C and the N termini, which 
connect to the p-propeller domain, are on the bottom. The a I 
allosteric antagonist (shown by a space-filling representation with 
silver carbon atoms and red oxygen atoms) binds in the hydro- 
phobic pocket underneath the C-terminal a-helix and stabilizes 
the I domain in the closed conformation. The side chains within 
the antagonist-binding pocket are shown with gold bonds and 
carbon atoms, red oxygen atoms, and blue nitrogen atoms. The 
residues crucial for binding to ICAM-1 and ICAM-2 are shown 
with purple side chains and yellow sulphur, red oxygen, and blue 
nitrogen atoms. Note that these residues are located around the 
MIDAS, distal from the antagonist binding site. 



A striking feature of integrins is their ability to trans- 
mit signals bi-directionally across membranes, and so 
the induction of an active conformation by antagonists 
raises the question of whether they could trigger out- 
side-in signalling in a manner similar to natural ligands. 
However, antagonists fail to trigger Ca 2 h signalling in 
resting platelets, although after pre- activation by throm- 
bin, antagonists could elicit Ca 2+ signalling indirectly via 
thromboxane A 2 production 58 . Antagonists did not 
induce degranulation as measured by P-selectin expres- 
sion in resting platelets 69 . In contrast to biological ligands, 
ctllbp3 antagonists are monovalent, and this seems to 
explain their lack of efficacy in initiating outside-in 
signalling in spite of potent induction of LIBS. Indeed, 
RGD peptides immobilized on beads, but not in solution, 
elicit Ca 2r signalling through avp3 integrin 70 . 

Integrins lacking I domains: avp3 

av/?3 biology. The integrin avp3 recognizes a wide 
range of extracellular matrix ligands, including vit- 
ronectin, fibrinogen, fibronectin, thrombospondin, 
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Figure 7 { allbftt headpiece and critical residues for 
ligand binding. The allb p-propeller domain is modelled on 
that of «vp3. The fi-propeller (blue) and the l-like domain (red) 
are shown as ribbon representations. Critical residues for 
binding of alibf}3 to fibrinogen were identified by mutagenesis 
and defined as described 37,38 and are shown as Co-spheres 
of similar colour to the ribbon backbone. Ca 2 * ions at the 
p-propeller and the adjacent to metal- ion -dependent 
adhesion site of the l-like domain are orange. Mg 2+ ions at 
the metal-ion- dependent adhesion site and ligand-associated 
metaJ binding site are black and silver, respectively. Acyclic 
Arg-Gry-Asp (RGD) peptide is shown with yellow bonds and 
red oxygen atoms and blue nitrogen atoms. 



vWF and osteopontin. Cells including smooth muscle 
cells, endothelial cells, monocytes and platelets express 
avp3. Increased expression of avp3 is observed on the 
vasculature in tumours and on several invasive malig- 
nant cells, indicating a role in tumour angiogenesis and 
metastasis 71 . Inhibition of angiogenesis and tumour cell 
growth by avp3 and avp5 antagonists has been seen in 
vivo 7,71 , but, surprisingly, genetic ablation of these recep- 
tors does not block angiogenesis and can even enhance 
it 72 . Among other mononuclear phagocytes, av|33 is 
expressed on osteoclasts, where it has an important 
function in interacting with the bone matrix and in 
bone resorption. Antagonists of avp3 block bone 
resorption in vitro and in vivo, making cxvp3 an impor- 
tant target in diseases such as osteoporosis 73 . 

Antagonist action and effects on conformation. Antago- 
nists of av(33 (fig. 8a) are RGD mimetics that were 
developed to be selective for avp3 as compared with 
allbp3, and compared with integrins containing the av 
subunit associated with other integrin p-subunits 
(avpl, avp5, avp6 and avP8; fig. i). The specificity of 
cyclic-RGD- containing peptides for avp3 over allbp3 
was achieved by chemically favouring a type I p-turn 
over a type II p-turn 74 . This alteration of the p-turn 
changes the orientation of the Arg residue that binds to 
the a-subunit relative to the Asp residue that binds to 
the p-subunit, thereby affecting a-subunit specificity. 
Similarly, non-peptidic antagonists that are selective for 
allbp3 can be converted to selectivity for avfl3 by 
chemically altering the structure and orientation of the 
basic moiety that mimics the Arg guanidinium group 51 . 
In agreement with this finding, the salt bridges that civ 



and allb p-propeller domains form with the Arg 
guanidinium group must differ. In the avp3-cyclic 
RGD crystal structure, Asp residues in the loops con- 
necting p-propeller blades 2 and 3, and connecting 
blades 3 and 4, donate salt bridges 35 . In each of these 
loops in allb, an Asp is not present in the same posi- 
tion, but an Asp residue is present one residue further 
towards the C terminus in the same loop. 

As described above, avp3 antagonists bind to the 
bent, low-affinity conformation of avp3 (REF. 35) and 
induce conversion to the extended, high-affinity con- 
formation 23 and exposure of LIBS epitopes 75,7 *. High- 
affinity avp3 antagonists stabilize association of the 
av and p3 subunits in SDS 65 . An interesting agonist 
activity of a cyclic RGD antagonist has been 
observed 77 . At concentrations near the fC p of the 
antagonist, it stimulated binding of purified av|33 to 
multiple ligands, whereas at higher concentrations it 
inhibited binding; however, a similar agonistic effect 
on native cell-surface avp3 has not been reported. 

Integrins lacking I domains: a4f*1 

a4[i] biology. The integrin a4pi is expressed on lympho- 
cytes and monocytes, as well as on some connective tissue 
cells. There is a transient requirement for a4 in placenta- 
tion and early heart development; however, in adult 
animals a4 is much more important in immune 
function 78 . a4pl also functions in interactions between 
bone marrow stromal cells and haematopoietic progeni- 
tor cells, particularly B-cell progenitors. a4p l is impor- 
tant in physiological lymphocyte trafficking, as well as in 
leukocyte migration during inflammation, and is impli- 
cated in the pathogenesis of autoimmune and allergic dis- 
eases*- 79 . Furthermore, a monoclonal antibody to a4 has 
shown therapeutic benefit in controlled trials in multiple 
sclerosis and Crohn's disease patients* 0,81 . a4p 1 binds to 
the immunoglobulin supcrfaniily (IgSF) molecule vascu- 
lar cell adhesion molecule- 1 (VCAM-1) on vascular 
endothelial cells, and mediates both rolling and firm 
adhesion in shear flow 2,82 . a4pl also binds to fibronectin 
in the extracellular matrix. 

Structural features of biological ligands. In contrast to 
other integrins, including allbp3, avp3, and a5pi, 
which bind to the RGD motif in the tenth fibronectin 
type 3 (FN3) module of fibronectin, a4pl binds to a 
distinct site. a4p 1 binds to an LDV motif in fibronectin 
which is present in an alternatively spliced region follow- 
ing the fourteenth FN3 module. This region is termed 
connecting segment 1 (CS-1), and is non-homologous to 
the fibronectin type 1, type 2 and type 3 modules. 

VCAM-1 contains six tandem IgSF domains. a4p 1 
recognizes both domains 1 and 2. The most crucial site 
for recognition is an Asp residue in an IDS motif that 
protrudes from domain 1 near the interface with 
domain 2. The three-dimensional structure of domains 
1 and 2 of VCAM-1 shows that the short loop bearing 
the IDS sequence is highly ordered 83 , in contrast to the 
flexible, long loop bearing the RGD sequence in FN3 
module 10 of fibronectin 84 ; a structure for the CS-1 
segment of fibronectin is not yet available. 
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a a/p l-liko competitive antagonists O 




BIRT0377 LFA703 A-286982 

Boehringer-lngelheim Novartis ICOS/Abbott/Biogen 



C a/p Mike allosteric p2 antagonists and comparison to a/p Mike competitive a4 antagonists 

a4pi 



alp2 ± aMp2 




Compound 3 Compound 4 XVA143 Compound 1 Tanabe 

Genentech Genentech Roche Genentech 



Figure 8 1 Chemical structures of small-molecule integrin antagonists, a | tx/p l-like competitive antagonists. Two clinically 
approved smaJI-molecuie antagonists of allbp3 (REF. 6), two representative avp3 antagonists' 09,1 i0 , and two representative a4p1 
antagonists 14 are shown, b | a I allosteric antagonists. BIRT0377 (REF. 96), LFA703 (REF. in), and A-286982 (REF. 97) are shown, 
c | o/p l-like allosteric p2 antagonists compared with a/p l-like competitive a4 antagonists. The antagonists are all poly- 
substituted (S)-2-benzoylaminopropionic acids. Compounds 1 , 3, 4 (REFS 102,103), XVA1 43 (REFS98.101), and a Tanabe u4p1 
antagonist 14 are shown. The integrins antagonized by these compounds, which both contain I domains (al_p2 and aMp2) and 
lack I domains (a4pi) are indicated. 
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Figure 9 1 Mechanisms of inhibition and impact on integrin conformation of small-molecule antagonists. Cartoons illustrate 
conformational changes in the headpiece of a representative integrin that lacks an I domain, ailbp3 (a-c). and a representative integrin 
that contains an I domain, al_p2 (d-g). For clarity, only headpiece domains are shown, and domains in legs are simplified as lines. The 
outward-oriented (obtuse angled) hybrid domain correlates with exposure of activation-dependent epitopes in the legs and adoption of 
the extended conformation. FBN, fibrinogen; ICAM-1 , intercellular adhesion molecule- 1 ; MIDAS, metal-ion-dependent adhesion site. 



IMMUNOLOGICAL SYNAPSE 
T-cell recognition of an antigen 
presenting cell (APC), which is 
the initial and crucial process in 
the antigen-specific immune 
response, takes place at the 
nanometer-scale gap of the 
interface between the T cell and 
APC. This interface is a 
specialized cell-cell junction, 
at which crucial signals to 
initiate and maintain the 
immune response are trans- 
duced from APC to T ceil or vice 
versa. The interface is called an 
immunological synapse after the 
neuronal synapse, a segregated 
gap through which information 
is transmitted in chemical form 
(neurotransmitter) from one 
neuron to another. 



Antagonist action and effects on conformation. Starting 
from cyclic peptides or random screening, a wide vari- 
ety of small-molecule a4(31 antagonists have been 
developed, all of which contain a crucial carboxyl group 
that mimics the Asp of the LDV or IDS sequences' 4 ' 1517 
(FIG. 8a). Chemical crosslinking demonstrated binding 
of one of these antagonists to the MIDAS loops of the 
pi I-like domain, which confirms binding to the same 
site as biological ligands" 5 . Mutagenesis has demon- 
strated the importance of the pi I-like domain MIDAS 
and nearby a4 P-propeller loops in the binding of 
fibronectin and VCAM- 1 (REP. 86). An LDV peptide that 
blocks ct4pl -mediated adhesion induces LIBS epi- 
topes 54,87 . Therefore, ligand mimetics seem to stabilize 
a4pl integrin in an active conformation. Multiple 
affinity states of ct4pi are revealed by binding of a flu- 
orescent LDV peptide derivative 88 . 

Integrins containing I domains: p2 integrins 

Biology of P2 integrins. The P2 integrins (aLp2 or 
lymphocyte function-associated protein- 1; ctMp2 
or Mac-1; aXp2 or pi 50,95; and aDp2) (FIG. l) are 
expressed exclusively on leukocytes. aLp2 and aMp2 
are crucial in leukocyte migration into sites of inflam- 
mation, and, in the case of aLp2, into lymphoid tissues 



(BOX 2) (REFS 2,89). aLp2 is required for a wide variety of 
cell-cell interactions, including T cells with antigen- 
presenting cells, B cells with T cells, and natural killer 
cells with target cells, and acts as a co-stimulatory mole- 
cule in essentially all T-cell responses, which correlates 
with its participation in the formation of the immuno- 
logical synapse 80 . As shown by mutation of the p2 integrin 
subunit in leukocyte adhesion deficiency I, p2 inte- 
grins are essential for host defence against micro- 
organisms. Furthermore, p2 integrins are important 
in the pathogenesis of leukocyte-mediated tissue 
injuries in inflammation and autoimmunity 13 . Of the 
leukocyte integrins, only aLp2 is expressed on most 
lymphocytes, whereas aMp2 predominates on neu- 
trophils (aLp2 and aXp2 are also present). Diseases in 
which neutrophils are important, such as cerebral and 
myocardial infarction and shock, have usually been 
targeted with antagonists of all p2 integrins or of 
aMp2. By contrast, diseases in which lymphocytes are 
important, such as psoriasis, rheumatoid arthritis, and 
organ transplant rejection, have usually been targeted 
with antagonists specific for aLp2 (REFS 5,12,13,91). 
Phase III clinical trials in psoriasis with a monoclonal 
antibody against the aL I domain have been success- 
fully concluded 11 . 
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Structural features of ligands for fi2 integrim. aLf>2 
binds exclusively to IgSF cell-surface molecules termed 
intercellular adhesion molecules (ICAMs), whereas 
aM|32 binds to ICAM-l, fibrinogen, complement 
component iC3b and many other protein ligands. The 
major endothelial ligand for both aLf}2 and aMp2 is 
ICAM-l, which comprises five tandem Ig-like 
domains* 2 . The binding sites for cxLp2 and aMp2 are 
located in domain 1 and domain 3 of ICAM-l, respec- 
tively. An acidic residue, Glu-34, in domain 1 of ICAM- 1 
directly ligates the metal at the MIDAS motif of the aL 
I domain, as recently shown by X-ray crystallography 32 
(fig. 4). In contrast to the crucial Asp in VCAM- 1 , which 
is in a protruding loop, the crucial Glu of ICAM-l is pre- 
sent in a p-sheet in a relatively flat surface 83 . A different 
acidic residue in domain 3 is implicated in recognition 
by the ouM I domain 93 . 

Antagonist action and effects on conformation 

Direct inhibition of ligand binding to the I domain. As 
the top face of the 1 domain around the MIDAS 
directly binds ligands, binding of inhibitors to the 
same site on the I domain is a straightforward way to 
block function competitively. Indeed, many inhibitory 
antibodies map to the I domain 2 *' 94 . Although most 
inhibitory I domain antibodies directly block ligand 
binding, some that bind more distal to the MIDAS 
inhibit ligand binding indirectly, similarly to the a I 
allosteric antagonists discussed below 41 . 

Allosteric I domain inhibitors. As discussed above, the 
affinity of the I domain is allosterically regulated by con- 
formational change. Downward axial displacement of 
the C-terminal helix is linked to structural rearrange- 
ments at the ligand-binding site, the MIDAS {FIG. 5 and 
9d,c). One class of small- molecule inhibitors, termed a I 
allosteric antagonists (FIG. 8b), bind underneath the C- 
terminal a-helix of the aL I domain (FIG. f>) (RF.FS 95-97). 
The antagonists bind to and stabilize the closed confor- 
mation of the I domain, inhibit conversion to the high- 
affinity, open conformation, and thereby allosterically 
inhibit ligand binding to the distal MIDAS site (FiG.9g). 
The mode of action of the antagonists is confirmed by a 



mutant aL I domain that is locked in the open, high- 
affinity conformation with an engineered disulphide 
bond that stabilizes the position of the C-terminal 
a-helix (the high-affinity I domain) XMn,4l .aLp2 contain- 
ing the locked open, high-affinity I domain is resistant to 
inhibition by a I allosteric antagonists 41 . 

Binding of a I allosteric antagonists to the pocket 
under the C-terminal a-helix of the I domain affects 
not only the conformation of the I domain regionally, 
but also the conformation of the aLp2 heterodimer 
globally. Some a I allosteric antagonists perturb the 
binding of antibodies against the I-like domain 9 ". 
Furthermore, the antagonists reduce exposure by the 
activating agent Mn 21 of activation-dependent epi- 
topes in the P2 I-like domain, as well as in the a- and 
p-subunit legs 99J00 . Downward movement of the I 
domain C-terminal helix seems to be a prerequisite for 
binding of the intrinsic ligand Glu-310 in the aL I 
domain linker to the MIDAS of the p2 1-like domain 
(HG. 9). In the absence of this interaction, activation of 
the I-like domain is inhibited, as shown by suppression 
of exposure by Mn :+ of an epitope in the I-like domain. 
Suppression of epitope exposure in the a- and p-legs 
shows that the a I allosteric antagonists shift the con- 
formational equilibrium toward the bent conforma- 
tion. Therefore, the conformation of the I domain is 
linked, apparently through the I-like domain, to the 
conformation of the leg domains. These results high- 
light the extensiveness of conformational linkages 
within integrins. 

a/p l-like allosteric antagonists. The I-like domain of the 
P2 subunit of aLp2 is a regulatory domain 41 . A class of 
aLp2 and aMp2 small-molecule antagonists patented 
by Roche and Genentech l0, ' , ° 2 (FIG. 8c) has recently been 
found to perturb the interface between the I domain and 
the I-like domain 98,100 . These inhibitors are polysubsti- 
tuted (5)-2-benzoylaminopropionic acids, in common 
with some inhibitors of a4pi, which lacks an I domain 
(FIG. 8). Indeed, compound 1, which was used as a lead to 
develop aLp2 and aMp2 antagonists at both Genentech 
and Roche, was initially discovered during random 
screening as an a4pi antagonist at Roche, and inhibits 



Box 2 | Multi-step model of leukocyte migration 

Infiltration and accumulation of leukocytes in the extravascular space is a hallmark of inflammation. Leukocyte- 
endothelial cell interaction, which involves multiple processes mediated by adhesion molecules and chemokines, is crucial 
in guiding leukocytes from the blood stream to the site of inflammation 2 . The initial step is rolling, which is mediated by 
selectins and their carbohydrate ligands and, additionally, a4 integrins. The rapid k on and /c off of selectin-carbohydrate 
ligand interaction allows flowing leukocytes to tether and roll along endothelial cells under shear flow. Rolling slows down 
flowing leukocytes and places them in proximity to endothelial cells where chemokines are transported and expressed. 
Rolling facilitates encounter of leukocytes that express chemokine receptors to the corresponding chemokines presented 
on the apical surface of the endothelial cells. The second step is activation of G-protein -coupled receptors on leukocytes by 
the chemokine, which triggers signals that activate integrins. In turn, the ligand-binding activity of integrins is rapidly 
enhanced by inside-out signalling. Binding of integrins to ligands on endothelium such as intercellular adhesion molcculc- 
1 mediate firm adhesion and arrest of the leukocyte on the endothelium. These three steps take place in sequence but not in 
parallel. So, inhibition of any one of the three steps results in essentially complete blockade of leukocyte migration. 
Although the p2 integrins, aM(32 and aLp2, are most generally utilized in neutrophil and lymphocyte migration, 
respectively, a4 integrins such as a4p 1 and a4P7 also participate in leukocyte migration, and play a pivotal role in certain 
tissues. The a4pi and a4p7 integrins mediate rolling adhesion prior to activation, and firm adhesion after activation. 
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aL|52 and a4p 1 with similar micromolar potency. This 
novel class of aLp2 antagonists cannot inhibit the bind- 
ing of isolated wild-type or mutant intermediate-affinity 
or high-affinity I domains to ICAM- 1 , whereas purified 
ICAM-1 does inhibit these binding interactions 100 . 
Therefore, the Genentech compounds do not mimic 
ICAM- 1 , as previously suggested 103 . Furthermore, these 
inhibitors bind to aLP2, even when the a I domain is 
deleted, but do not bind when the I-like domain MIDAS 
is mutated 100 . They can demonstrate cx-subunit selectivity, 
indicating that a portion of the a-subunit near the I-like 
domain — probably the p-propeller domain — might 
be involved in binding. Therefore, they are designated as 
ct/p I-like allosteric antagonists. 

As described above, the a I domain seems to be 
activated when the p I-like domain binds to a conserved 
Glu residue in the linker following the I domain; that is, 
the intrinsic ligand. The findings indicate that a/p I-like 
allosteric antagonists bind to the MIDAS of the p2 
I-like domain as mimics of the intrinsic ligand, compet- 
itively inhibit binding of the intrinsic ligand in the 
I domain linker to the I-like domain, and consequently 
leave the I domain in the low-energy, inactive, closed 
conformation (FiG.9f). At the same time, the a/p I-like 
allosteric antagonists stabilize the I-like domain in its 
active configuration by mimicking intrinsic ligand bind- 
ing, as shown by induction of activation epitopes in the 
P2 I-like domain and ctL and p2 legs 100 . So, as a conse- 
quence of I-like domain activation, the a/p allosteric 
antagonists stabilize the extended integrin conforma- 
tion. It is interesting that the antagonists inhibit I 
domain activation, whereas they stabilize the rest of the 
integrin in the active conformation. 

Most a I allosteric antagonists are highly selective 
for aLp2. When a/p I-like allosteric antagonists have 
been tested against integrins in addition to aLp2, cross- 
reactivity against aMp2 and aXp2 has been observed 
with selectivity usually close to 1 (no selectivity) and 
always less than 100- fold 9 *' 100 . However, IC 50 values 
differ among antagonists. It has been possible to build 
a-subunit selectivity into avp3 and allbp3 antago- 
nists as discussed above. The a/p I-like allosteric 
antagonists of p2 integrins seem to bind to an analogous 
site at the I-like domain interface with the p-propeller, 
and it should be possible to chemically build in selectivity 
foraLp2 andaMp2. 

Like a/p I-like allosteric antagonists, antibodies to 
the p2 I-like domain block ligand binding indirectly". 
However, in contrast to the a/p I-like allosteric antag- 
onists that stabilize the I-like domain in the active 
conformation, inhibitory I-like domain monoclonal 
antibodies stabilize the I-like domain in the inactive 
conformation and inhibit induction of activation epi- 
topes (A. Salas et ai, personal communication). 

So far, all potent small-molecule antagonists of 
I -domain-containing integrins are allosteric inhibitors, 
whereas antagonists of integrins that lack I domains 
are Hgand-mimetic, competitive inhibitors. It will be 
interesting to see whether potent, competitive small- 
molecule antagonists of I-domain-containing integrins 
can be discovered. 



Other integrins 

The integrins reviewed above are sufficient to illustrate 
the three different classes of integrin antagonists to date: 
a/p I-like competitive antagonists, a/p I-like allosteric 
antagonists, and a I allosteric antagonists. These inte- 
grins were chosen because they illustrate particularly 
well die mutually beneficial relationship between inte- 
grin drug discovery and our understanding of integrin 
structure and function. Nonetheless, it should be 
emphasized that there are other integrins that are 
important therapeutic targets. Among these are a4p7 
and a 1 p 1, which will be covered very briefly. 

a4p7 overlaps to some extent with a4pi in speci- 
ficity, but also recognizes mucosal addressin cell adhe- 
sion molecule- 1 (MAdCAM- 1), and is important in 
trafficking of lymphocytes to mucosal tissues 2 - 82 . Studies 
in animal models with an antibody specific to a4p7 vali- 
date it as a target in ulcerative colitis and Crohn's 
disease 104 . Both selective a4p7 and dual-acting a4pl and 
a4p7 small-molecule antagonists have been developed. 
The efficacy of an antibody to a4, which inhibits both 
a4pl and a4p7, in Crohn's disease and multiple sclero- 
sis clinical trials" 0,81 indicates that dual-acting a4pi and 
a4p7 small-molecule antagonists 1417 might have an 
attractive clinical profile. 

a 1 p 1 , in addition to a2p 1 , a 1 Op 1 and a 1 1 p 1 , con- 
tains an I domain that binds to collagen 1,78 (fig. d. 
alp 1 is expressed on chronically activated, but not on 
resting, T lymphocytes, and an antibody against aipi, 
and to a lesser extent a2pl, shows efficacy in a wide 
variety of animal models of autoimmune disease 105 . 
Apparently, a 1 p 1 is important in T-cell migration or 
co-stimulation after these cells enter inflammatory 
sites. It should be possible to develop a/p 1-like 
allosteric antagonists that block activation of the a I I 
domain, in a manner analogous to those that block p2 
integrins. Indeed, the chemical relationship described 
above between a4pl a/p I-like competitive antago- 
nists and aLp2 a/p I-like allosteric antagonists suggests 
that a4pl competitive antagonists would be good 
starting points for the development of aipi a/p I-like 
allosteric antagonists. 

Concluding perspectives 

Integrin antagonists are already well established as 
therapeutics for cardiovascular disease, and other appli- 
cations including inflammatory disease seem extremely 
promising. Work with small- molecule antagonists has 
enhanced our understanding of the multiple structural 
linkages between integrin domains that enable bi-direc- 
tional communication between the ligand-binding site 
and the cytoplasmic domains, and which regulate trans- 
itions between the bent, low-affinity conformation and 
the extended, high- affinity conformation. Conversely, 
structural studies on integrins, and mutational studies 
that stabilize particular conformations of integrins, have 
yielded important insights into the binding sites for 
antagonists and their mechanisms of action. The finding 
that both competitive antagonists and allosteric antago- 
nists affect integrin conformation has important clinical 
implications. Most antagonists stabilize the extended, 
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high-affinity integrin conformation, in which neoepi- 
topes are exposed. However, one class of antagonists of 
the integrin I domain stabilizes the bent, low-affinity 
conformation. It should be possible to develop a new 
class of antagonists of integrins lacking I domains that 
selectively bind to and stabilize the bent conformation; 



for example, compounds that would bind to and stabi- 
lize the extensive inter-domain interfaces that are present 
in the bent, but not in the extended, integrin conforma- 
tions 2 *. Further structural work on integrins and their 
complexes should accelerate the development of current 
and novel classes of integrin antagonists. 
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Summary 

• Members of the integriii family of adhesion molecules are non-cova- 
lently-associated ct/p heterodimers that mediate cell-cell, cell-extra- 
cellular matrix and cell-pathogen interactions by binding to distinct, 
but often overlapping, combinations of ligands. 

■ Dysregulation of integrins is involved in the pathogenesis of many 
disease states, from autoimmunity and thrombotic vascular diseases 
to cancer metastasis, and so extensive efforts have been directed 
towards the discovery and development of integrin antagonists for 
clinical applications. Integrin antagonists are already well established 
as therapeutics for cardiovascular disease, and applications in other 
therapuetic areas, including inflammatory disease, seem extremely 
promising. 

• Integrin ligand-binding function is tightly linked to molecular con- 
formation. On activation, dramatic rearrangements occur in the 
overall spatial relationships of integrin domains. Understanding the 
structural basis of integrin activation in detail is essential for under- 
standing the mechanism of antagonism by therapeutics, as well as for 
the design of second-generation antagonists with novel mechanisms 
of action. 

• This review discusses examples of the three different classes of inte- 
grin antagonists discovered so for: ct/p I -like competitive antagonists, 
ct/p I-like allosteric antagonists and a I allosteric antagonists. These 
examples were chosen because they illustrate particularly well the 
mutually beneficial relationship between integrin drug discovery and 
our understanding of integrin structure and function. 



